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ABSTRACT
CHEMICAL MODIFICATION OF SOLID SURFACES & INTERFACES AND
TEMPLATE-ASSISTED FABRICATION OF SURFACE NANOSTRUCTURES
SEPTEMBER 2002
XINQIAO JIA, B.S., FUDAN UNIVERSITY
M.S., FUDAN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas J. McCarthy
Surface chemistry and topography are two important factors that determine
surface characteristics.
Chapter One describes the use of supercritical carbon dioxide for the conduction
of silane chemistry at the buried interface between silicon wafers and spun-cast polymer
thin films. Above the critical point of CO2, organosilanes react with surface silanols at
the Si02/polystyrene interface to form a monolayer quantitatively. Modification at the
SiOi/PMMA interface can be achieved only to a limited extent due to strong hydrogen
bonding between PMMA and the silicon substrate.
Chapter Two describes the amide-selective surface modification of nylon 6/6.
Modification by hydrolysis yields a surface mixture of amine and carboxylic acid groups.
Reduction method produces surfaces with enriched secondary amine groups without
chain cleavage. Activation with potassium tert-butoxide facilitates the N-alkylation of
surface amides. The surface enriched amine functional groups are found to enhance the
electroless deposition of gold.
> •
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Chapter Three describes the generation of silicon dioxide nanostructures using an
organosilane monolayer as the template. Closely packed tris(trimethylsiloxy)silyl
(trisTMS) monolayers prepared by reaction of silicon wafers with tris(trimethylsiloxy)-
chlorosilane exhibit nanoholes of 0.5 nm in diameter. Control over the surface coverage
of trisTMS was used to manipulate the size and distribution of the nanoholes (unreacted
silanol groups) on the surface. Silicon dioxide nanoclusters were grown from these
nanoholes using a chemical vapor deposition process. The resulting surfaces exhibit
controlled variation of roughness at the nanometer scale. Contact angle analysis indicates
that the effect of nanoscale roughness on wettability is important.
In Chapter Four, well-ordered nanoporous films generated from asymmetric block
copolymer were used as the template. Nanoscopic posts of silicon dioxide were produced
within the pores defined by the crosslinked matrix. Reactive ion etching selectively
removed the organic matrix, leaving free-standing silicon dioxide posts on silicon wafers.
Chapter Five describes the examination of protein adsorption on surfaces that
exhibit nanoscale features. The amount of protein adsorbed increases with an increase in
surface roughness. The percent increase, however, differs among the proteins studied.
The roughness effect is more dramatic on hydrophobic surfaces than on hydrophilic
surfaces.
viii
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CHAPTER 1
BURIED INTERFACE MODIFICATION USING
SUPERCRITICAL CARBON DIOXIDE
Introduction
Chemical modification of inorganic surfaces using silane reagents has a wide
range of applications. It has been utilized, for example, to improve adhesion of organic
coatings to inorganic substrates, 1 to protect metal surfaces from corrosive
environments, to make water repellent surfaces, to enhance biocompatibility of solid
surfaces,
4
to tailor the chromatographic characteristics of solid supports 5 and to form
monolayers for lithographic applications. 6 Further development of this method for the
modification of surfaces has led to the use of monolayers as sensors, 7 and for the
immobilization of catalysts and other chemically or optically active species. 8,9 The
general chemistry involved in the silanization of silica surfaces is illustrated below.
OH OH OH
////////
Si/Si0 2
OH OH OH
////////
Si/Si02
R
k
HX
R
k
-HX
R
J
R
I
RW \&/ \&/
O LA////////
Si/Si02
R R R
A J I
////////
Si/Si02
Scheme 1.1. General silane chemistry on silica surfaces.
1
Here, R can be long chain alkyl groups, perfluoroalkyl groups and other end-
functionalized alkyl chains. X is the leaving group such as -CI, -N(Me)2 , -OR, and -
OH. Monofunctional silanes form covalently attached monolayers on silica surfaces,
while certain trifunctional silanes form self-assembled monolayers. 10 ' 1
1
Chlorosilanes
are the most important and have been studied thoroughly. In the absence of a nitrogen-
containing base, room temperature reaction of alkylchlorosilanes with surface silanols
proceeds by a two-step mechanism. The chlorosilanes are first hydrolyzed by water
(either on the surface or in solution) to form silanols, which subsequently condense with
surface silanols. On the other hand, (fluoroalkyl)chlorosilanes can react directly with
surface hydroxyl groups at room temperature with neither base nor water present. The
difference in reactivity is explained by an inductive effect of the fluoroalkyl groups on
the gamma-carbon atom. The presence of surface water, however, leads to faster
reaction. Surface water reacts with the (fluoroalkyl)chlorosilane to form silanols, which
then undergo a condensation reaction with the surface hydroxyl groups. The
McCarthy group has conducted fundamental research on trialkylsilane monolayers that
are covalently attached to silicon surfaces under different reaction conditions: in the
vapor phase, in toluene solution and in supercritical carbon dioxide.
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4 The highest
contact angles (indicating the most dense monolayers) were obtained using vapor phase
reactions, and the fastest reactions were found in supercritical carbon dioxide.
A gas or liquid at ambient conditions becomes a supercritical fluid when it is
compressed and heated above its critical point. As the critical point of a substance is
approached, its isothermal compressibility tends to infinity, thus its molar volume or
density changes dramatically. Figure 1 . 1 illustrates the phase diagram for a pure
2
SCF
& Liquid
Gas
Figure 1.1. Schematic pressure-temperature phase diagram for a pure component
showing the supercritical fluid (SCF) region. 15
component, where the triple point (T) and critical point (C) are marked. 15 The circles
represent the variation in density of the substance in the different regions of the phase
diagram. In the critical region, a substance that is a gas at normal conditions exhibits a
liquid-like density and a much increased solvent capacity that is pressure-dependant
(Figure 1 .2). A comparison of some physical properties among liquids, gases and
supercritical fluids is listed in Table 1.1. Supercritical carbon dioxide (SCCO2) has a
very high diffusivity, relatively low viscosity and zero surface tension. The supercritical
state is easy to reach under mild conditions because of its low critical point (Tc =31.1
pc = 72.8 atm, dc = 0.47 gem'
3
). It is nontoxic, nonflammable, abundant and
inexpensive. Its solvent strength can be adjusted by simply changing temperature or
pressure (Figure 1.2).
16
After processing, C02 removal from the polymer is
accomplished simply by decreasing the pressure.
3
Table 1.1. Physical property comparisons for liquids, gases and supercritical fluids.
diffusivity
(cm /sec)
viscosity
(ens)
density
fs/cxn i
surface tension
i uyxj/ liii
^
liquid 10-5 1 1.0 20-50
supercritical fluid ID"
3
0.03 0.2-1.0 0
gas K)-
1 10"5 io-
3
0 200 400 600 800 1000
pressure (atm)
Figure 1 .2. Density ofC02 as a function of pressure at different temperature.
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While C02 is a good solvent for many non-polar (and some polar) molecules
with low molecular weight, it is a very poor solvent for most high molecular weight
polymers under readily achievable conditions, with the exception of fluoropolymers and
silicones. The high solubility of amorphous fluoropolymers may be explained by their
weak complexes with C02 or by preferential clustering ofC02 near the fluorine atom of
the C-F bonds; while the solubility of silicones is likely due to the very flexible nature
of the materials. 15 The poor solvent strength of scC02 has been exploited in areas such
as separation, extraction fractionation,
17
swelling, 18 ' 19 polymer impregnation,20
polymeric membrane conditioning,21 polymer precipitation,22 and microcellular foam23
and fiber24 fabrications. It also has been used as a reaction medium for polymer
modification and polymer synthesis. Although the solubility of most polymers in
SCCO2 is extremely low, the solubility of CO2 in many polymers is substantial. This can
lead to a dramatic plasticization of these materials. In heterogeneous polymerization,
plasticization facilitates diffusion of monomers and initiator into the polymer phase, and
therefore it is an attractive candidate for running a reaction inside the scCCVswollen
polymer to make novel polymers. The McCarthy group has examined such systems in
order to produce blends, ' semi-interpenetrating networks, and polymer/inorganic
nanocomposites.30
One way to address plasticization is to study the effect of the scC02 on the glass
transition (Tg) behavior of the polymer. Techniques that have been utilized to study this
phenomenon include NMR,31 dielectric relaxation spectroscopy,
32
high-pressure
calorimetry
33
,
creep compliance,
19,34 dynamic mechanical response
35
and X-ray
diffraction.
36
Factors that affect Tg include the solubility of the compressed fluid in the
5
polymer, polymer flexibility, and the critical temperature of the dilutant. At moderate
C02 pressure (less than 1 00 atm), the presence ofC02 tends to reduce Tg sharply. At
substantially higher C02 pressures, (i.e. more than several hundred atmospheres), a
hydrostatic pressure reduces the T
g depression by decreasing the free volume.
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Figure 1 .3. Summary of CC>2-induced Tg depression for PMMA, PS and P(S-r-MMA)
(PMMA of 60 wt%).34
cc (STP) C02/g polymer cc (STP) co2/g po|ymer
Figure 1.4. Tg depression ofPMMA (left) and PS (right) as a function of solubility of
C02 in the polymers.
6
Figure 1
.3 shows the Tg behavior of PS and PMMA together with the corresponding
block copolymer (P(S-r-MMA), MMA of -60 wt%). In the low pressure limit, the
pressure coefficient of the glass transition temperature (dTg/dp) is about -1.2 °C/atm for
PMMA-C02 and -0.9 °C/atm for PS-C02 . 33 In the case of PS, there is a dramatic
change in the Tg behavior as a function of pressure near the critical point ofC02 .
Above the critical pressure where C02 is more liquid-like, a very small Tg depression is
found. For PMMA, at a certain pressure, the polymer can undergo a glass transition
with decreasing temperature. The complex Tg versus pressure behavior can be
transformed to the simpler, more familiar Tg behavior as a function of concentration of
the diluent (Figure 1
.4). It can be seen that both polymers have a similar glass transition
temperature and exhibit a similar Tg depression at equivalent absorbed carbon dioxide
concentration. Both polymers can be effectively plasticized by dissolved C02 . It is
known that C02 acts as a Lewis acid when interacting with PMMA, which reduces
nonspecific intermolecular interactions between the polymer chains. Therefore, it is a
more effective plasticizer for PMMA than for PS.38 Typical mass uptake values are
1 1.8% (80 °C, 240 atm) for PS and 24% (33 °C , -80 atm) for PMMA. 18
The diffusion coefficient of monomers and other reagents within polymer
substrates that are swollen by scC02 is another important parameter to consider when
reactions are conducted inside solid polymer substrates. The magnitude of this
parameter dictates whether the reaction is mass-transfer or reaction-rate limited. Berens
et al.
20
first showed that the kinetically-limited incorporation of a solute into a glassy
polymer matrix is accelerated by plasticization due to the absorbed C02 . Previous
research by the McCarthy group has shown that a diffusion coefficient greater than 10""
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cm /s should be free of mass transfer limitations assuming a typical free radical reaction
(D lr = 10" 13 - 10"" cm2/s). 29 This means that a reaction in a scC02-swollen polymer
should behave kinetically similarly to one run in a homogeneous medium provided the
partitioning is relatively unchanged as the reaction proceeds.
The motivation for the proposed work is described in Figure 1 .5. Reactions in
organic solids (polymers) are invariably mass-transport limited due to low diffusivity.
We have shown that swelling of polymers with scC02 permits reaction-rate limited
chemistry in solids (Figure 1 .5(a)). We have also shown that organosilanes can react
reproducibly in liquid and supercritical C02 with Si02 to form covalently attached
monolayers (Figure 1 .5(b)). Can we "reach inside" composite materials and conduct
chemistry at inorganic/organic "buried interfaces" (Figure 1 .5(c))? This may allow us to
rehabilitate polymer coatings and reinforce polymer composites. The goal of the present
project is to study the effectiveness of the chemical modification at buried interfaces
using supercritical carbon dioxide.
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Figure 1.5. Schematic representation of the motivation for this work: (a) Chemistry
inside a scCCVswollen polymer substrate; (b) Chemistry at a silica surface using
SCCO2; (c) Chemistry at an inorganic/organic "buried" interface using SCCO2.
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Experimental
\
Materials
All chemicals were used as received unless noted otherwise. Toluene, ethanol,
isopropanol, tetrahydrofuran, chloroform, cyclohexane, ethyl acetate, acetic acid, methyl
ethyl ketone, sulfuric acid and hydrogen peroxide (30%) were obtained from Aldrich
and used as received. (Tridecafluoro-l,l,2,2-tetra-hydrooctyl)dimethylchlorosilane
(FDCS) was obtained from Gelest and used as received. Polystyrene (PS, Mw = 26.7K,
Mw/Mn = 1 .03) and poly(methyl methacrylate) (PMMA, Mw = 1 18K, Mw/M„ = 2.34)
were prepared by standard anionic and free radical procedures, respectively. House-
purified (reverse osmosis) water was further purified using a Millipore Milli-Q system
that involves reverse osmosis, ion-exchange and filtration steps (18 x 106 Qcm).
Methods
X-ray photoelectron spectra (XPS) were recorded with a Perkin-Elmer - Physical
Electronics 5 100 with Mg Ka excitation (400W). Spectra were obtained at two different
takeoff angles, 15° and 75° (between the plane of the surface and the entrance lens of
the detector optics). Contact angle measurements were made with a Rame-Hart
telescopic goniometer and a Gilmont syringe with 24-gauge flat-tipped needle. The
probe fluids used were water, purified as described above, and hexadecane, purified by
vacuum distillation. Dynamic advancing (0A) and receding angles (9R) were recorded
while the probe fluid was added to and withdrawn from the drop, respectively.
Ellipsometry was performed using a Rudolph Research AutoEL-II automatic
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ellipsometer. The light source was a He-Ne laser (X = 6328 A), the incident angle was
70.0°, and the compensator was set at -45°. The fit often* and cosA allows calculation
of thickness using daflBM software. A double layer model was used to calculate the
monolayer thickness, with the lower layer of native silicon oxide and the upper layer of
fluorinated silane. We chose 1 .462 and 1 .345 38 as refractive indices for the two layers,
respectively.
Substrate Preparation
Silicon wafers were obtained from International Wafer Service (100 orientation,
P/B doped, resistivity from 20 to 40 Q cm). The thickness of the native silicon oxide
was determined from ellipsometry to be 2.0-2.5 nm. Disks were cut into 1 .5 cm x 1 .2
cm samples. The samples were held in a custom designed holder (slotted glass cylinder)
and were rinsed with water and submerged in a freshly prepared mixture of 7 parts
concentrated sulfuric acid containing dissolved sodium dichromate (~4 wt%) and 3 parts
of 30% hydrogen peroxide. The solution turns from red-brown to green, warms to 80-
90 °C, and foams extensively due to the formation of oxygen and ozone. The wafers
were submerged in the solution overnight, rinsed with aliquots of water, and placed in a
clean oven at 120 °C for 2 h. Polymer films were spun-cast from toluene solution (7
wt%) on the silicon surfaces immediately after treating the plates in this fashion.
Polymer film thickness was maintained at -3200 A. The polymer films thus obtained
were dried in a clean oven at 60 °C overnight before use.
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Reaction of FDCS at the SiCWPolymer Interface in COt
A silicon wafer coated with polymer was placed in a 3 16 stainless steel high-
pressure reaction vessel, which was sealed, purged with C0 2 , and equilibrated at the
desired reaction temperature. The reaction vessel was subsequently rilled with C02 al
the desired reaction pressure. FDCS (350 uL) was dissolved in scC02 in a mixing unil
at lower pressure to ensure complete dissolution of FDCS in C02 . The solution was
then transferred to the reaction vessel by C02 at the pressure desired, using an 1SCO
syringe pump. The vessel was immersed in a circulating, control led-temperaturc bath
for the desired time. After the reaction, the FI)CS/C02 solution was released and the
sample was thoroughly rinsed with cyclohexane (40°C), toluene, tetrahydrofuran, and
ethyl acetate (in this order) to remove the PS overlayer, or with toluene, methyl ethyl
ketone, acetic acid and chloroform (in this order) to remove the PMMA film. Samples
were subsequently sonicated in toluene for 20 min and rinsed with isopropanol, ethanol,
ethanol/water (1:1) and water (in this order). The samples were dried in an oven ( 1 20
°C) for 15 min before the ellipsomctry, contact angle and XPS measurements.
Results and Discussion
Reactions at buried interfaces play critical roles in areas ranging from corrosion
control to cellular signaling. Composite materials are widely used in industry, and their
performance is closely related to the interfacial chemistry. The common practice to
generate composite materials involves surface treatment of the inorganic components,
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usually with a silane coupling agent, followed by polymer coating or imbedding. The
ultimate goal is to generate materials that exhibit strong interfaces. Sometimes,
however, post-modification is desired to re-heal delaminated (weak) interfaces so that
the performance of the composite materials is preserved. The present chapter describes
a convenient pathway to regenerate strong interfaces using supercritical carbon dioxide.
The buried interfaces were generated by spin-casting polymer films on silicon wafer
surfaces. (Tridecafluoro-1 , 1 ,2,2-tetrahydrooctyl)dimethylchlorosilane (FDCS) was used
as the reagent. The reasons for the choice of perfuoroalkyl silane are: (1) Van der Waals
interactions between the fluorinated sites of the silane reagent and C02 leads to its high
* 39
solubility C02 , (2) The high sensitivity of fluorine in XPS makes it easy to study the
extent of surface modification.
Polymer films were spun cast from a toluene solution with a thickness of -3200
A. Figure 1 .6 is XPS survey (15° takeoff angle) spectra for as-cast PS and PMMA
films. The corresponding spectra at 75° takeoff angle bear no difference. Only carbon
is present on the PS surface, while carbon and oxygen are observed on the PMMA
surface with the atomic concentration of 74.3 1% and 25.69% respectively. No signal
from the substrate (Si) is detected on either surface, indicating complete coverage of the
substrate by the polymer films. In other words, the polymer films are pin-hole free,
which rules out the possibility of reaction through defects on the polymer surfaces.
Reactions at SiO?/Polystvrene Interfaces
As mentioned before, monofunctional dimethylsilanes react with surface silanols
to form covalently attached monolayers. In the absence of a nitrogen-containing base,
13
1 000
in
o
U
800 600 400
binding energy (ev)
200 0
Figure 1 .6. XPS (survey, 1 5° takeoff angle) speetra of spun-cast PS (a) and PMMA (b)
films.
room temperature reaction of alkylchlorosilanes proceeds by a two-step meclumsm.
The chlorosi lanes are lirsl hydrol}v.cd by walci (eithei on the SUJ face 0] in Solution) tO
form silanols, which subsequently condense on the surface. On the oilier hand,
(fluoroalkyl)chlorosi lanes can react directly with the surface hydroxyl groups at room
temperature without either base or water. The presence of water, however, leads to a
faster reaction. Scheme 1 .2 shows this chemistry using FDCS. In older to conduct
chemistry a1 SiCVpolymer interfaces, the polymer matrix needs to be effectively
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plasticized. Other factors that may affect the extent of chemistry at the interface include
chain mobility at the interface (several nanometers away from Si02 surface), the
solubility and diffusivity of the silane reagent in the C02-plastiei/ed polymer film, the
accessibility of the silanol groups on the surface, and the reaction kinetics of the silane
reagent with the surface silanols, which can be affected by the presence of water trapped
at the interface.
% OH Cl-Si-CH2CH2C 6 1' I3 0-$i-CH2CH2C6F 13
CH3 iH3
Scheme 1.2. Reaction of (tridccafluoro-1 ,l,2,2-tetrahydrooctyl)dimcthylchlorosilane
(FIX'S) with silica surfaces.
Carbon dioxide has a fairly low critical point of 3 1.1 °C and 1070 psi. For some
applications, it is not always necessary to utilize supercritical carbon dioxide (scC() 2 );
liquid CO2 may be sufficient. 1
1
In order to carry out chemistry at the buried interlace,
the pressure and temperature of CO2 must be chosen to result in effective plasticizalion
of the polymer film so that the silane reagent (dissolved in CO2) is able to reach the
interface. The silanols at the interface likely have different reactivity; those beneath a
weakly bound layer of polymer film are more likely to react with FIX'S, and those thai
interact strongly with the polymer film are likely less accessible to FIX'S. The cleaning
process for the silicon wafers not only removes organic impurities but also results in a
homogeneous and fully hydrated surface, with 4-5 Sit )l I per nnV remaining after the
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sample is driedat 120 °C. 4() Tripp and coworkers41 point out that unlike conventional
solvents, scC02 extracts adsorbed water from the silica surface. Since FDCS can react
with surface silanols with or without water, and the physisorbed water is buried by the
spun-cast polymer film, the effect of scC02 extraction should not have any detectable
effect on the reaction kinetics.
Control experiments were carried out to confirm that surface fluorine, if any,
detected by XPS is solely the result of chemistry at the interface in scC02 . After
reaction in C02 (2500 psi, 40 °C, 8.3 h), XPS was performed on the sample without
dissolving the polymer (PS) film. Fluorine contents of 1.45% at 15° takeoff-angle
(assesses the composition of the outer -10 A) and 0.24% at 75° takeoff-angle (assesses
the composition of the outer -40 A) were measured. This indicates that there is almost
no FDCS absorbed in the polymer film after venting (C02 effectively extracts the
FDCS), and the possibility of the solution reaction between FDCS and the silicon wafer
during the subsequent washing process is eliminated. Uniform and complete polymer
films (a small amount of dewetting was observed by optical microscopy) were
recovered ifC02 was released very slowly (over a period of 1 0 to 15 hours). Faster
decompression caused foaming and delamination, and this was used to facilitate the
washing process. After the reaction, the polystyrene film was dissolved to analyze the
interface. Water contact angles of 28°/10° were obtained upon thorough washing of the
silicon wafer coated with polystyrene and equilibrated in C02 in the absence of FDCS,
indicating the effectiveness of film removal. Table 1 .2 summarizes XPS and contact
angle results for reaction at 1 100 psi and 23 °C. Within five hours, only a very small
amount of fluorine was detected on the surface. The contact angles for both water and
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hexadecane are low, indicating a Si02-rich surface. The critical point ofC02 is 3 1 . 1 °C
and 1070 psi. At 1 100 psi and 23 °C, C02 is liquid and it does not function as an
effective plasticizer. If we refer to Figure 1.3 and try to locate the point of 1 100 psi (1
bar =14.5 psi) and 23 °C, we can see that at this condition, PS is essentially glassy (the
point is below the glass-rubber transition line for PS). The lack of chain mobility makes
it difficult for FDCS to diffuse to the buried interface and difficult for chain segments
adsorbed to the interface to rotate and accommodate reaction with the silane.
Table 1 .2. Characterization of the Si02/PS interface modified with FDCS in liquid C02
(1100 psi, 23 °C).
reaction
time (h)
monolayer
thickness (A)
0a/0r
(°)
a
atomic concentration (%)
b
Si C O F
1 1.5 39/17 10.86 50.15 36.23 2.76
18/15 33.44 15.60 50.81 0.15
3 3 36/18 12.56 55.73 29.40 2.31
16/14 36.63 12.61 50.76 0.00
5 4 37/17 8.77 56.14 32.17 2.92
17/14 36.01 15.91 45.69 2.39
a
upper rows are water contact angles and lower rows are hexadecane contact angles.
b
upper rows are 15° takeoff angle data and lower rows are 75° takeoff angle data.
Buried interface modification was readily achieved by choosing higher
temperatures and pressures and the conditions of 1200 psi and 35 °C proved effective
(Table 1
.3). Figure 1 .3 suggests that a C02 pressure of 1200 psi results in a Tg of about
35 °C for PS, which agrees well with our observations. Figure 1.7 illustrates XPS
survey spectra (15 ° takeoff angle) for Si02/PS interfaces modified with different
reaction conditions. It is apparent that with a similar reaction time, scC02 (1200 psi, 35
17
Table 1
.3. Characterization of the Si()2/PS interface modified with I'DCS in scCO,
(1200psi, 35 °C).
reaction
A * / 1 \
time (hr)
monolayer
A 1 • 1 / 2
thickness (A)
(WOu
(°)
a
atomic concentration
K
/() )
Si C 0 F
1 2 51/37 17.37 39.35 37.45 5.83
26/15 39.38 9.06 49.65 1.91
3.2 6.3 72/59 17.35 38 63 30 If, 13.26
31/22 38.61 11.52 46.07 3 80
5.7 7.8 73/59 16.62 35.77 32.03 15.58
33/24 36.13 11.76 45.63 6.48
8 7 76/60 14.41 39.44 30.10 16.05
37/24 35.32 12.13 44.36 8.19
'upper rows are water contact angles and lower rows are hexadecane contact angles,
'upper rows are 1 5° takeoff angle data and lower rows are 75° takeoff angle data.
°C) affords a higher degree of modification. scC02 is known to reduce the Tg of many
glassy polymers. It is possible to change the degree of swelling and the diffusion rate by
slight changes in the system pressure and temperature; the polymer free volume can
easily be tuned. CO2 dissolved in the glassy polymer significantly enhances mass
transfer properties of solutes in the polymer matrix. It has been reported 14 that the
formation of monolayers in CO2 is insensitive to pressure and temperature change, and
that the reaction is very fast, complete within -20 minutes. The reaction is slower in the
case of the buried interface. It takes three hours for the interface to become moderately
hydrophobic, with 0A/0R of 17°159°. Longer reaction time leads to further increase in
both fluorine content and contact angles, but with a tendency to reach a plateau. This
indicates that the buried interface between the silicon wafer and polystyrene was
saturated with the reactive silane reagent under these specific conditions. Although
18
binding energy (ev)
Figure 1.7. XI>S (survey, \ y takeoff angle) spectra for FDCS modified Si< J./PS
interfaces with different CO) conditions: (a) I 100 psi, 21 "(\ 5 h, (b) 1200 psi, 15 °(\
5.7 h).
there is no strong interaction between polystyrene and the silicon wafer, its presence
hinders the formation of a monolayer to some extent. The read ion of chlorosi lanes with
silica is highly solvent-dependent" and ( '(^-swollen polystyrene is not the best solvent
for this reaction. ( ( )? alone
1
1
and toluene
1
* are superior. There is a natural relationship
between the contact angles and the fluorine concentrations of the modified interfaces
that can be seen in Figure I .K and Figure 1 .9.
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Figure 1.8. Contact angle characterization of the chemical modification at the
Si02/polystyrene interface with scCCh (1200 psi, 35 °C): (•) advancing water contact
angle; (O) receding water contact angle; () advancing hexadecane contact angle; ()
receding hexadecane contact angle.
Equation 1.1:
(l + cos 6)
1
= fx (l + cos 0, )
2
+ f2 (l + cos 02 f
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Figure 1.9. Kinetics of FDCS chemical modification at Si02/PS interface with scC02 at
1200 psi and 35 °C monitored by XPS fluorine atomic concentration at 15° takeoff
angle () and 75° takeoff angle ().
To examine the effect of pressure and temperature on the reaction, the reaction
was carried out at higher C02 pressure and temperature (2500 psi, 40 °C) (Table 2.6).
After reaction for 8.3 hr, water contact angles as high as 95°/76° were obtained. Using
the Israelachvili equation (Equation 1.1), the surface coverage of FDCS was
calculated, assuming a complete monolayer of FDCS gives 9j = 106° , and a pure
silanol surface shows 02 = 0°. The highest surface coverage obtained in this study is
-90%, which demonstrates the effectiveness of this modification technique. Covalent
attachment of FDCS onto a silicon surface in scCC>2 under the same reaction conditions
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in the absence of a polymer film (a clean silicon wafer) shows an XPS fluorine content
of 22.26% (15° takeoff angle), water contact angles of 101790°, and ellipsometric
thickness of ~8 A. It is apparent that a "complete" monolayer is not obtained at the
buried interface by this method due to confinement and solubility effects. The strong
interactions between FDCS and C02 likely result in a local depletion of FDCS at the
Si02/PS interface, which may lead to confinement-induced reduction in reactivity. The
water-abstraction characteristics of scC02
41
may also result in a lower reactivity.
Nevertheless, quite high surface coverage by FDCS was achieved. The reaction kinetics
at 1200 psi and 35 °C is compared with that obtained at 2500 psi and 40 °C in Figure
1.10. It is clear that higher pressure and temperature result in higher fluorine content.
Above the critical point ofC02 , a further increase in pressure does not lead to a
dramatic decrease in Tg . The difference in the observed fluorine concentration may be
attributed to kinetics or solvent effects. The polymer chains are more mobile at higher
pressure and temperature, permitting faster diffusion and also exposing more silanol
groups for reaction.
In summary, the buried interface between silicon oxide and polystyrene can be
effectively modified using scC02 . Attempts to coat FDCS-modified silicon wafers with
polystyrene failed because of the hydrophobicity of the substrate. The toluene solution
used for spin-casting does not wet the FDCS surface. Alternative efforts to prepare
polystyrene films on silicon wafers using a PS/toluene solution that contains a small
amount of dissolved FDCS also failed. The conventional ways to generate polymeric
coatings or composite materials require complete wetting of the inorganic component by
polymer solution or polymer melt, which makes certain silane reagents inapplicable.
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The present study clearly indicates the universality of our method. Any type of silane
reagent can be incorporated at the buried interface using appropriate condition. The
extent of interface modification, however, depends on the characteristics of the
interaction between the polymer films and the substrates.
Table 1.4. Characterization of the Si02/PS interface modified with FDCS in scC02
(2500 psi, 40 °C).
reaction monolayer 0A/0R atomic concentration(%) b
time(hr) thickness(A) (°)a r:
1 3
60/45 11.27 52.47 31.10 5.16
28/15 36.33 11.96 47.27 4.44
2 7 82/50 11.85 43.94 27.49 16.72
37/24 29.26 18.27 44.55 7.92
4 7 94/74 5.23 46.80 31.04 16.84
46/35 32.48 13.38 44.94 9.20
6 6 76/50 7.50 47.53 29.15 15.82
39/26 30.68 17.21 44.84 7.27
8.3 8 95/76 15.15 41.10 23.82 19.93
45/37 32.25 18.11 40.24 9.40
a
upper rows are water contact angles and lower rows are hexadecane contact angles.
b
upper rows are 15° takeoff angle data and lower rows are 75° takeoff angle data.
Reactions at SiOVPMMA Interfaces
The demonstration that silane monolayer forms at a silicon oxide/polymer
interface suggests that the mobility of the polymer chain near the substrate may be a
crucial parameter that affects the degree of modification at the interface. The mobility
and glass transition behavior of a thin polymer film may be different from the bulk
23
polymer behavior. Mobility in the interfacial region is dominated by the interaction
between the substrate and the polymer. An ellipsometry study of Tg of thin polystyrene
film on silicon oxide surfaces indicates a lower effective T
g compared with the bulk
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Figure 1.10. Comparison of the reaction kinetics at SiCVPS interface using SCCO2 at
1200 psi, 35 °C (O) and 2500 psi, 40 °C (•) (15° takeoff angle data).
glass-transition;
43
this indicates a weak interaction between the silicon oxide surface and
polystyrene. This causes a depleted region close to the silicon oxide surface, and such a
reduced density enables molecules to move more easily. On the other hand, when
PMMA films are cast on a silicon wafer, the interfacial mobility can decrease because
of the strong interaction between the oxide surface and PMMA. Neutron reflectivity
24
was used to study diffusion between a thin d-PMMA layer buried near a silicon wafer
by a bulk PMMA. As the thickness of the buried cf-PMMA layer decreased, the
interdiffusion slowed significantly, suggesting reduced polymer mobility near the wafer
surface.
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As discussed above, C02 acts as a Lewis acid when interacting with PMMA
and, thus, is an effective plasticizer for PMMA. On the other hand, the ester groups of
PMMA interact with the surface silanols through strong hydrogen bonding, and it is
estimated that 1-2 silanols/nm2 interact with the absorbed polymer.45 This indicates that
about 20 to 44% of surface silanols are hydrogen-bonded, thus inaccessible to the silane
reagent dissolved in the C02-plasticized polymer film. The carbonyl group can form
hydrogen bonds with either one or two silanol groups, depending on the distribution of
the silanols as well as upon the concentration of carbonyl groups near the surface
(Figure 1.11). Although hydrogen bonding increases the nucleophilicity of silanol
groups, it also limits chain mobility at the interface due to the connectivity of polymer
chain. The solubility of FDCS in C02-plasticized PMMA is expected to be higher than
that in CCVplasticized PS due to the higher polarity of PMMA. PMMA used for the
present study is of higher molecular weight (Mw = 1 1 8 K), but a wider molecular weight
distribution (Mw/Mn = 2.34) compared with PS (Mw= 26.7 K, Mw/Mn = 1.03). Polymers
with higher molecular weight are expected to exhibit lower mobility; on the other hand,
low-molecular-weight fractions or chain ends tend to segregate preferentially at the
interface. The data (Table 1 .5) indicate that the interplay of these factors results in a
lower extent of silanization at the interface compared with SiCVPS. It would, of course,
be informative to study these variables separately. The pressure used in these
experiments is high enough to lower the glass transition ofPMMA to room temperature;
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therefore, similar results to those obtained with polystyrene would be expected if there
are no other contributing factors. It is surmized that strong hydrogen bonding between
PMMA and surface silanols inhibits the reaction, and the buried Si02/PMMA interface
can be chemically modified to only a limited extent.
CH3
/H
?
Si
COOCH3 CH3
H
COOCH3 ?H 3 COOCH3 CH 3 COOCH 3
Figure 1.11. Schematic of the formation of hydrogen bonds between the PMMA film
and the silicon substrate.
Table 1.5. Characterization of Si02/PMMA interfaces modified with FDCS in scC02 at
different conditions.
3
pb
monolayer 0a/0r atomic concentration(%)
e
(psi) (°C) thickness(A) (°)
d
Si C O F
1200 35 3 47/34 19.94 29.65 43.47 6.94
26/15 36.19 7.25 52.58 3.97
2500 40 8 62/32 12.34 48.33 32.44 6.89
24/16 34.69 16.20 45.92 3.19
4500 50 6 48/30 14.53 45.43 30.43 9.61
21/14 29.86 18.39 46.70 5.05
Reaction time: 6 hours. Reaction pressure. Reaction temperature.
d
upper rows are
water contact angles and lower rows are hexadecane contact angles.
e
upper rows are
1 5° takeoff angle data and lower rows are 75° takeoff angle data.
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Conclusion
We have studied a model system for the modification of buried interlaces using
supercritical C02 . We demonstrate the effectiveness of this method for the Si02/PS
interface and point out that supercritical conditions are necessary. The modification at
Si/PMMA interface is less effective due to the strong hydrogen-bonding interaction
between Si and PMMA. The selectivity of this technique (higher degree of modification
at the buried interface where the interaction between the substrate and polymer coating
is weaker) makes it potentially desirable because only a weak interface needs to be
rehabilitated. Further work on the effects of molecular weight and film thickness as
well as chemical structure of the silane reagent is necessary. Extending this method to a
fiber reinforced polymer matrix offers a potential industrial application for composite
rehabilitation. By choosing appropriate silane reagents (with one reactive site able to
bind to the glass surface and the other to the polymer matrix), we expect improvement
in mechanical properties of the composites.
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CHAPTER 2
CHEMICAL SURFACE MODIFICATION OF NYLON 6/6
Introduction
Chemistry at polymer surfaces and interfaces plays an important role in many
applications such as adhesion, adsorption, wettability and friction. 1 Because objects
interact with other objects and their environment via their surfaces, it is important to
understand surface composition, structure and properties. There are several ways to
modify a surface including plasma treatment, surface graft polymerization, adsorption,
photochemical modification, and chemical modification. 2 The McCarthy group has
focused on the surface modification of chemically resistant polymer films as well as
reactive polymers. Various methods have been applied to introduce reactive
functionalities to polymer substrates and insight has been gained with regard to surface-
property and structure-reactivity relationshios. 3 The basic requirement for polymer
surface modification is to modify the surface without changing its bulk properties. A
goal of polymer surface modification is to learn how to predict particular properties with
the knowledge of surface chemical structure; a further goal is to impart desired
properties by introducing specific functional groups in specific locations, densities, and
patterns.
Nylon was one of the first commercialized polymers and more than 3.25 billion
pounds of nylon are produced annually in the United States, most of which is nylon 6/6.
Nylon 6/6 is a moderately crystalline (-50%) material as normally produced. It has a
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combination of strength, flexibility, toughness and abrasion resistance. It has dye-
ability, a low coefficient of friction (self-lubricating), low creep, and resistance to
solvents (generally excellent, but some absorption of polar solvents such as water,
alcohols and certain halogenated hydrocarbons can cause plasticization), oils, bases
(excellent at room temperature; attacked by strong bases at elevated temperature), fungi,
and body fluids.4 ' 5 The applications for nylon 6/6 include textile fibers, membranes,
tapes, food packaging and automotive parts. With the rapid development of the
electronics industry, the demand for electrically conductive textiles, such as
electromagnetic wave interference shielding materials for personal computers and home
electronics devices, flooring and ceiling materials and low static clothing, has increased.
It would therefore be interesting to study a nylon/metal composite for potential use in a
variety of applications.
Despite the wide applications of nylon as both fiber and thermoplastics, research
in the area of its surface modification is lacking. Nylon surfaces have been modified
either by "physical" or chemical modifications. Techniques that fall into the first
category include surface photochemical activation through UV radiation, either by direct
conversion of surface amide groups to amines6 or by the grafting of polymers onto
photoinitiator-coated nylon substrates, 7 and surface-activation by plasma treatment. 8,9
The physical methods have found practical applications in industry because they are
generally compatible with manufacturing processes, easy to devise and are
environmentally benign. Their disadvantages are that chemically well-defined surfaces
cannot be designed and prepared, and often, the surface topography is altered
unintentionally. Varieties of chemical methods have also been developed. Modification
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can be achieved either by reaction with the terminal amino or carboxylic acid groups 101
1
or by the repeating amide groups. 1213 Since nylon films contain a low concentration of
terminal amino groups, chemistry at end groups leads to a low density of the desired
functionalities. To avoid this difficulty, poly(acrylic acid) was grafted via an amide
linkage to the amine ends of nylon 6/6. Since a relatively small number of grafted
polymer chains can cover the entire surface of the polymer film, only a few binding sites
are necessary.
10
This is what is usually called a "graft-to" method; problems associated
with this include inhomogeneous distribution of functional groups, uncertainty of chain
orientation at the surface and instability of the grafted layers. A more efficient way to
surface-modify nylon 6/6 would be directed at the amide groups. Crosslinking of nylon
6/6 yarn has been reported using reagents that include diisocyanates and diacid
* 1
2
chlorides. The relatively low reactivity of the amide functionality leads to a low
degree of crosslinking. Amide groups on nylon 6/6 surfaces can be activated by
formaldehyde. Subsequent covalent attachment of biocidal cyclic N-chloramine
moieties results in an antimicrobial nylon material. 13 This activation reaction is
reversible, and a certain amount of amide groups in close vicinity are probably cross-
linked by formaldehyde.
A polymer surface can be defined as that part of a polymeric object that interacts
or reacts with a solution or reagents in contact with it. Applying surface chemistry to
nylon involves several considerations: temperature, solvents, concentration and reaction
time need to be tuned to optimize functional group concentration and minimize
degradation. For chemical surface modification to be effective, organic chemistry needs
to be applied at the polymer film - solution interface. The mobility of the surface
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groups is affected by reaction temperature and solvent. Geometric constraints and the
location of functional groups on the surface can affect both chemical transformations
and their stability. Because side products and impurities can locate at the surface, it is
essential to find effective ways to clean up the substrates after the surface-confined
reactions. Additionally, a surface reaction should occur in high yield to ensure that
surface functionality
- property relationships can be defined. Reaction conditions have
to be tuned in order to limit the chemical changes to the surface and keep the structure
and properties of the bulk intact.
In this chapter, several methods are described for the introduction of reactive
functional groups to nylon 6/6 surfaces using amide-selective reagents at the film-
solution interfaces. Hydrolysis of nylon 6/6 yields a surface mixture of amine and
carboxylic acid groups. Reduction of surface amide groups by borane or
sodium/alcohol produces surfaces with enriched secondary amine groups without chain
cleavage. Activation of amides with potassium tert-butoxide facilitates the N-alkylation
of surface amides. 2-bromoethylamine has been employed as an alkylating agent to
yield a high density surface primary/secondary amine groups. Alkylation with allyl
bromide leads to the introduction of surface allyl groups. Ethoxylation of the activated
amides with 3-glycidoxypropyltriethoxysilane has been utilized to prepare surfaces with
silica-like reactivity. The reactive groups thus introduced were used as "reactive
handles" for the fabrication of nylon-supported composite films. The extent of surface
modification was monitored by contact angle analysis, XPS, SEM, UV-Vis and ATR
IR.
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Experimental
Material s
Nylon 6/6 film (thickness of 100 um) was supplied by DuPont Canada (Dartek®
C-101 for high performance industrial uses). All reagents were used as received.
Sodium hydroxide, sodium carbonate and solvents used for washing (HPLC grade) were
obtained from VWR Scientific. Sodium peroxide, borane-tetrahydrofuran complex
solution (1.0 M in THF), borane-dimethyl sulfide complex (2.0 M solution in toluene),
concentrated HC1
,
di-terZ-butyl dicarbonate, 4-(dimethylamino)pyrindine, methylene
chloride (anhydrous), triethylamine (anhydrous), lithium hydroxide monohydrate, acetic
acid, tetrahydrofuran (anhydrous), ethanol (anhydrous), sodium metal, toluene
(anhydrous), 3-glycidoxypropyltriethoxysilane, 4-(trifluoromethyl)benzyl bromide, allyl
bromide, 1 ,4-dibromobutane, potassium tert-butoxide, dicyclohexyl-18-crown-6, N,N-
dimethylacetamide, N,N-dimethylsulfide (anhydrous), pentafluorobenzoyl chloride,
thallous ethoxide, carbon tetrachloride (anhydrous), tetrachlorosilane, HAuCl4
(99.999%), and NaBH4 (98%) were obtained from Aldrich and used as received.
(Tridecafluoro-l,l,2,2-tetra-hydrooctyl)dimethyl-chlorosilane was obtained from Gelest
and used as received. Buffered solutions used for contact angle measurements were
obtained from Fisher. Air- or moisture-sensitive materials were stored in dry Schlenk
tubes under dry nitrogen. House-purified (reverse osmosis) water was further purified
using a Millipore Milli-Q system that involves reverse osmosis, ion-exchange and
filtration steps (18 x 10
6 Qcm).
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Methods
X-ray photoelectron spectra (XPS) were recorded with a Perkin-Elmer - Physical
Electronics 5100 with Mg K« excitation (400W). Spectra were obtained at two different
takeoff angles, 15° and 75° (between the plane of the surface and the entrance lens of
the detector optics). Contact angle measurements were made with a Rame-Hart
telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped needle.
Dynamic advancing (0A) and receding angles (0R) were recorded while the probe fluid
was added to and withdrawn from the drop, respectively. Attenuated total reflectance
infrared (ATR IR) spectra were obtained under nitrogen using a Bio-Rad 175C FTIR
spectrometer and a 45° germanium internal reflection element. Differential scanning
calorimetry (DSC) measurements were carried out with a DuPont 2000 DSC under
nitrogen flow at a heating rate of 10 °C/min. Transmission electron microscopy (TEM)
was performed on a JOEL 100CX. Thin sections were obtained by microtoming at
room temperature with a diamond knife. Ultraviolet-visible (UV-Vis) spectra were
taken on a Perkin-Elmer X2.
Pretreatment of Nylon 6/6 Films
Commercial nylon 6/6 samples contain a slip agent on one side of the film. This
particular side of the film was rubbed with an acetone-soaked Kimwipe to remove the
glass beads prior to any modification, and only this side was in contact with the sample
holder or any other glassware during the subsequent handling. Films were cut into 1 .5
cm x 1.5 cm samples and were thoroughly cleaned with water, ethanol, isopropanol,
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acetone, tetrahydrofuran and hexanc (in this order), and dried al 50 °C at 20 mtorr lor 24
h. Film samples were stored under vaeuum before use.
One-step Hydrolysis of Nylon 6/6 (nylon-Nil h/COOI O 14
Nylon 6/6 dims (6 ofdimension 1 .5 cm x 1 .5 em) were placed in a custom-made
sample holder and introduced to a flask containing 20 mL water. Sodium peroxide
(0.425 g, 5.5 mmol) was then added portionwise with care. The solution was
thoroughly mixed by shaking with a Vortex mixer for 2 min. After heating at 35 °C for
2 h, the films were removed and subsequently rinsed with water, 1 .0 N 1 [CI, water,
ethanol, acetone and hexane, and then dried at reduced pressure for 24 h (20 mtorr, 50
°C).
Two-step 1 lydrolysis of Nylon 6//6 15 (nvlon-'Boc/COOI I)
1
.
Formation of N-'Boc Derivatives (nylon-'Boc)
Di-/er/-butyl dicarbonate (0.4361 g, 2.0 mmol), 4-(dimethylamino)pyridine
(DMAP) (0.1225 g, 1.0 mmol) and nylon 6/6 film samples (supported on a sample
holder) were introduced to a Schlenk lube inside a drybox. The Schlenk tube was
closed and removed from the drybox. Anhydrous methylene chloride (20 ml) was
added via cannula, and triethylamine (TEA, 0.14 mL, 1.0 mmol) was introduced via
syringe. Upon mixing with a Vortex mixer, a homogeneous yellow solution was
obtained. The reaction was allowed to proceed at room temperature for 7 h. The films
were removed from the solution, and sequentially rinsed with methylene chloride, I I [F,
ethanol, acetone and hexane, and then dried (20 mtorr, 50 °C, 24 h).
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2
-
Hydrolysis ofNvlon-W fnvlon-'Boc/COOH)
To a Schlenk tube containing nylon-'Boc film samples, 20 mL of 1 .0 N aqueous
lithium hydroxide was added. After soaking at room temperature for 6 h, the films were
rinsed sequentially with 10% acetic acid, water, ethanol, THF, acetone and hexane, and
dried (20 mtorr, 50 °C, 24 h).
Reduction with BH,-THF (
BH3 'THF
nvlon-NH) 16
To a nitrogen-purged Schlenk tube containing nylon 6/6 film samples (6 of
dimension 1.5 cm x 1.5 cm) and a stir bar, 25 mL of anhydrous THF was added.
Borane in THF (1.0 M, 2.5 ml) was introduced dropwise using a syringe. The
temperature was maintained at 0 °C during the addition. After equilibration at room
temperature for 1 h, the solution temperature was raised to 50 °C and maintained for 10
h. The film samples were removed from the reaction media, and thoroughly rinsed with
THF, HC1 (1.0 N), water, sodium hydroxide (1.0 N), water, THF, ethanol, acetone and
hexane. Samples were dried in a vacuum oven for 24 h (20 mtorr, 50 °C) before further
modification or characterization
Reduction with Na/Ethanol (Nanylon-NH) 17
To a nitrogen-purged Schlenk tube containing clean and dry nylon 6/6 films
samples (6 of dimension 1.5 cm x 1.5 cm), 25 mL of anhydrous ethanol was added.
Sodium metal (0.42 g , 0.018 mol) was added slowly through a dropping funnel. After
heating the reaction mixture at 50 °C for 2 h, the film samples were removed and
subsequently rinsed with water, ethanol, acetone and hexane and dried in vacuum oven
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for 24 h (20 mtorr, 50 °C).
Reduction with Borane-Dimethvlsulfide (
BH3 'DMS
nylon-NHV 8
To a nitrogen-purged Schlenk tube containing clean and dry nylon 6/6 film
samples (6 of dimension 1.5 cm x 1.5 cm) and a stir bar, 25 mL of anhydrous toluene
was added. Borane-dimethylsulfide in toluene solution (2.0 M, 2 mL) was introduced
dropwise with a syringe at room temperature. The temperature was maintained at 50 °C
for 10 h. The sample films were removed from the reaction media, and thoroughly
rinsed with toluene, ethanol, aqueous sodium carbonate (10 wt%), water, THF, ethanol,
acetone and hexane. Samples were dried in a vacuum oven for 24 h (20 mtorr, 50 °C)
before further modification or characterization
General Procedure for N-Alkvlation 19 '20 '21
The following procedure was applied for N-alkylation of nylon 6/6 films using
3-glycidoxypropyltriethoxysilane, 4-(trifluoromethyl)benzyl bromide, allyl bromide and
1,4-dibromobutane. The resulting surfaces are abbreviated nylon-PEG-Si(OH)3 , nylon-
Bz-CF3 , nylon-CH2CH=CH2 and nylon-(CH2)4Br, respectively. Potassium ter/-butoxide
(0.2244 g, 2 mmol) and dicyclohexyl-18-crown-6 (0.0745 g, 0.2 mmol) were added to a
Schlenk flask containing a stir bar and the nylon film samples (6 of dimension 1 .5 cm x
1 .5 cm) in a dry box. The flask was then closed and removed from the dry box, and 25
mL of anhydrous THF or N,N-dimethylacetamide were introduced via cannula. After
stirring at room temperature for 1 h, the alkylating agent (4 mmol) was introduced via
syringe (the solution turned brown, and a white precipitate was observed when 3-
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glycidoxypropyltriethoxysilane was used), and the reaction mixture was maintained at
50 °C for 12 h. After removal of the solution, the film samples were washed with THF,
ethanol, and then immersed in water for 6 h. The films were isolated and rinsed with
water, ethanol, acetone and hexanes and dried in a vacuum oven for 24 h (20 mtorr, 50
°C). Nylon films treated with 3-glycidoxypropyltriethoxysilane were hydrolyzed by
submersion in water overnight. They were further washed with water, and dried (20
mtorr, 50 °C) for 24 h.
N-Alkylation with 2-Bromoethvlamine Hvdrobromide (tBuOKnvlon-NH^
Potassium ter/-butoxide (0.2244 g, 2 mmol) was added to a Schlenk flask
containing a stir bar and nylon film samples (6 of dimension 1 .5 cm x 1 .5 cm) in a dry
box. The flask was then closed and removed from the dry box, and 20 mL anhydrous
DMSO was introduced via a cannula. After stirring at room temperature for 1 h, a 10
mL DMSO solution containing 2-bromoethylamine hydrobromide (0.2049 g, 1 mmol)
and_potassium tert-butoxide (0.1 122 g, 2 mmol), which was premixed and equilibrated
at room temperature for 2 h, was introduced via cannula. The reaction mixture was
maintained at room temperature for 12 h. Films were isolated and rinsed with DMSO,
water, ethanol, THF, acetone and hexanes and dried (20 mtorr, 50 °C) for 24 h.
Chemical Vapor Phase Deposition of Silica (nvlon-PEG-SiO?)
Silicon dioxide was grown from 3-glycidoxypropyltriethoxysilane - modified
nylon 6/6 films using a chemical vapor deposition (CVD) method in a vacuum system
controlled by a Mano-Watch™ device (Model MW-1000, Instruments for Research and
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Industry, I
2
R, Inc.). Samples were placed in a sample holder in a reaction vessel which
was subsequently flushed with nitrogen and evacuated to 20 mtorr. SiCl4 vapor was
introduced from a reservoir cooled with a mixture of o-xylene and liquid nitrogen (-23
°C). The deposition took place at 25 ± 2 °C and 50 ± 1 mm. After 1 min of SiCl4
exposure, the SiCl4 reservoir was closed and the reaction vessel was purged with
nitrogen and evacuated to 20 urn (step A). The reaction vessel was then opened to the
air for 5 min, during which period an equilibrium amount of water re-adsorbed onto the
sample surface. The reaction vessel was again evacuated to 20 urn and re-equilibrated
to 50 mm (step B). The growth of Si02 was controlled by repeating the A-B sequence.
After the desired number of cycles, the substrates were removed from the reaction
system, rinsed with ethanol and water, and then dried (20 mtorr, 50 °C) for 24 h.
Surface Silanization with Perfluoroalkvlsilane (nylon-PEG-SiGh-C^F.^22
A vapor phase reaction was applied to modify silica-deposited nylon films.
Nylon-PEG-Si02 film samples were placed in a custom-made sample holder and
suspended in a reaction tube containing 0.5 mL of silane. There was no direct contact
between the silane liquid and the substrates. The reaction was carried out at 50 °C for
1 8 h. After the silanization reaction, film samples were rinsed with toluene,
isopropanol, ethanol, ethanol/water (1:1), water, ethanol, and water and then dried (20
mtorr, 50 °C for 24 h).
Labeling of Surface Amines
Nylon films with surface-enriched amine groups were placed in a Schlenk tube
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which was then purged with nitrogen for 20 min. Anhydrous THF (25 mL) was added
via cannula, and then pentafluorobenzoyl chloride (0.72 mL, 5 mmol) and triethylamine
(TEA, 0.28 mL, 2 mmol) were introduced via syringe sequentially. The reaction was
carried out at room temperature for 4 h. The reaction solution was removed and the
samples were washed with THF, ethanol, dichloromethane, acetone, and hexane and
then dried (20 mtorr, 50 °C, 24 h).
Labeling of Surface Carboxvlic Acids24
A film sample was exposed to neat thallous ethoxide at room temperature i
drybox for 30 sec. The film was then taken out of the drybox, washed with ethanol,
acetone and hexane, and dried (20 mtorr, 50 °C, 24 h).
n a
Bromination (nvlon-CH^CHBrCH^Br)25
The nylon film samples treated with allyl bromide were soaked in carbon
tetrachloride solution containing 5 vol% bromine in a dry Schlenk tube, which was
maintained at room temperature in the dark for 2 h. After this period, the solution was
removed, and the film samples were washed with carbon tetrachloride, THF and then
soaked in THF for 2 h. Films were further rinsed with ethanol, acetone and hexane
before drying in a clean oven for 24 h (20 mtorr, 50 °C). Virgin nylon without any
modification was treated in the same fashion as a control.
Surface Metallization by Electroless Plating of Gold
Films samples were immersed into a 1 wt% ethanol solution ofHAuCU for 10
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min and then thoroughly rinsed with deionized water. The films treated with HAuCl4
were then immersed in a 1 wt% aueous solution ofNaBH4 for less than 30 s to reduce
HAuCl4 to gold colloid particles. Film samples were thoroughly rinsed with deionized
water before drying (20 mtorr, 50°C, 24 h).
Results and Discussions
Dartek® C-101 is a cast film made from nylon 6/6 for a wide range of industrial
applications. The physical properties of the films are summarized in Table 2. 1 . One
side (back) of the film contains a slip agent (glass beads), and XPS analysis on this side
indicates a silicon atomic concentration of 3.79% and 1.13% at 15° and 75° takeoff
angle, respectively. Oxygen concentration of 15.47% (15° takeoff angle) and 12.15%
(75° takeoff angle) were detected. The other side (front) of the film, however, exhibits
no contamination from the slip agent, and therefore was used for XPS and contact angle
analysis. During the subsequent handling and modification process, the slip-agent-free
side never contacted any glassware. To eliminate the possibility that the slip agent
might be removed from the film during the chemical modification process, and re-
deposited on the front side of the film, the backside was rubbed with a Kimwipe soaked
with acetone prior to the cleaning process. Films were thoroughly cleaned with water,
ethanol, isopropanol, acetone, tetrahydrofuran and hexane and dried at 50 °C at 20 mtorr
for over 10 h. Nylon 6/6 absorbs water readily due to the formation of strong hydrogen
bonds between the amide hydrogen (-CONH-) on the polymer and oxygen of water.
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2.1. Summary of the physical properties of nylon 6/6 films used for this study. 5 27
Source DuPont DARTEK® C-101
100 (am
/AppCaiallCe Optically clear
T 265 °C
T
Oven dry: 78 °C
50% RH: 35 °C
Molecular weight 36,000 g/mol
Crystallinity 26% (by DSC)
Heat of fusion 1 90 kJ/kg
Moisture permeability 295 g/m2/24 h
Surface tension 46.5 mN/m (20 °C)
Contact angle (static, H20) 72°
The adsorbed water dramatically plasticizes the polymer, leading to a reduced Tg (Table
2.1). Since the surface modification is intended to be limited to the outermost layer of
the polymer film, the effective Tg determines the upper limit of the reaction temperature.
Because some of the chemical modifications applied in this study are moisture sensitive,
it is essential that the film be completely dry. The cleaned and dried films were stored
under vacuum before any treatment.
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The crystalhnity of nylon 6/6 film is an important parameter to consider since
the crystalline domain on the surface can not be effectively modified due to steric
constraints. Figure 2.1 shows DSC curves for a nylon 6/6 film sample. No apparent
glass transition is observed. There is a broad endothermic peak around 1 1 1°C which is
associated with the loss of absorbed water from the film samples. After quenching the
sample and scanning it again, this peak disappeared. The heat of fusion for nylon 6/6
was chosen as 190 kg/kg, 5 and the calculated crystalhnity from DSC is 26%. This is
relatively low compared with the bulk crystalhnity, which ranges from 35% to 50%.
This allows a higher degree of surface modification to be achieved. The advancing and
receding water contact angles for oven-dried virgin nylon are 69° and 20° respectively.
Nylon 6/6 is known as a hydrophilic polymer because of the relatively low water contact
angles. The high contact angle hysteresis (49°) originates from the surface roughness
and hydrogen bonding between water and surface amide groups. In Figure 2.2, the XPS
survey and high resolution Cls spectra of clean virgin nylon 6/6 are shown. There are
three peaks associated with C, N and O with the corresponding concentration of
76.09%, 10.07% and 13.84% at 15° takeoff angle. Prior to any chemical treatment, the
atomic concentration for nylon 6/6 should be 75% C and 12.5% O and N. The slight
deficiency in the nitrogen concentration and excess of carbon may be related to the
chain orientation at the polymer surface. Some of the amide or terminal amino groups
may be preferentially oriented away from the surface. The Cls region (15° takeoff
angle) can be curve-fitted with three peaks, with the binding energy at 285.68 eV for the
C-H species (72.14%), at 288.87 eV for the C-N (13.88%) species, and at 290.56 eV
for the C=0 species (1 3.98%), while a theoretical calculation yields 66.7%, 16.7%>
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Figure 2.1 Determination of crystallinity of nylon 6/6 film with DSC.
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Figure 2.2. XPS survey and CIs high resolution (15° takeoff angle) spectra of virgin
nylon 6/6
and 16.7% correspondingly. Again, the excess of aliphatic carbons can be attributed to
chain orientation in the outer 10 A layer where methylene groups preferentially orient
towards the air, and the more polar groups towards the bulk of the film. This orientation
is expected to lower the conversion of surface modification reactions.
Hydrolysis
Modification of nylon 6/6 through the hydrolysis of the amide groups can
produce surface functionality at new chain ends. It is known that polyamides are more
resistant to alkaline hydrolysis than polyesters but not as resistant to acid hydrolysis
4
Even with low molecular weight polyamides, vigorous conditions and strong catalysts
such as concentrated sulfuric or phosphoric acid and strong alkali hydrolysis are needed
to affect the hydrolysis.
14 The severe reaction conditions can cause polymer degradation
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or dissolution of polymer chains. Because of its low T
g (dry sample, 78°C) the high
temperature necessary for the hydrolysis can also lead to the deformation of the thin film
sample. However, it has been shown that the hydrolysis of amides by aqueous sodium
peroxide gives the corresponding acids and amines quantitatively in less than 2 hr at 50-
80 °C (Scheme 2. 1 ). It was suggested that the a effect makes the peroxide i ons
/
/Nc .
/J
/
/
O
H
Na20 H+
H20
O
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//—NH2
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Scheme 2. 1
.
Hydrolysis of nylon 6/6 with sodium peroxide
extremely nucleophilic, increasing the rate of reaction with the poorly electrophilic
amide carbonyl groups. Alternatively, oxidative hydrolysis can be the reason. 14 As a
result, the hydrolysis can be achieved under mild conditions with high yield. The
hydrolysis was carried out at 35 °C in 0.28 M aqueous Na202 for 2 h. The plasticization
of nylon 6/6 by water limits the temperature range that can be used. The hydrolyzed
samples cannot be acidified with concentrated hydrochloric acid since HC1 is a good
solvent for nylon 6/6. A 1 .0 N water solution was used instead, and prolonged exposure
of this solution to the hydrolyzed films was avoided. Samples remain optically clear
after the hydrolysis.
The base-catalyzed hydrolysis of nylon 6/6 results in a surface mixture of amine
and carboxylic acid groups, and their relative amount can be tuned by varying the
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reaction conditions, i.e. temperature, time and solvent quality. Surface wettability
improved after hydrolysis and the measured water contact angles for the dried sample
were 56°and 1 1° for advancing and receding contact angles, respectively. This implies
that a mixed surface that contains amine groups and carboxylic acid groups is more
hydrophilic than one consisting of amide groups. It is generally agreed that in addition
to surface roughness, heterogeneity, rigidity, liquid penetration, surface reorientation
and mobility, and surface charge play an important role in wettability.28 Previous
studies
29
'
30
indicate that ionization of the surfaces increases their wettability; that is,
acidic surfaces become more wettable as they become more negatively charged and
basic surfaces become more wettable as they become more positively charged. As a
result, contact angles of buffered water on surfaces composed of-COOH groups are
expected to be independent ofpH at low pH, decrease as the acid groups became more
ionized (-COCT), and again become independent ofpH at high pH. Surfaces that
contain basic moieties are expected to display an analogous but opposite trend (that is,
the surfaces became more wettable at low pH). This is so called "contact angle
titration", and has been used to infer values of pKi /2 (pKi /2 is analogous to pKa in
solution and is defined as the pH value of the solution at which the functional groups at
the interface are half-ionized)
. Because of the difficulty of forming charges at the
interface (due perhaps to a low interfacial dielectric constant and/or charge-charge
interactions), pKi/2 obtained were 3-5 pH units higher than the corresponding values of
pKa in solution. Titration curves were constructed for nylon 6/6 surfaces modified with
aqueous sodium peroxide (Figure 2.3). An 8° difference in advancing contact angle was
observed and an apparent pKi/2 of 6 was inferred from the plot. Polymer surfaces
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bearing only one type of dissociating group (e.g.,
-NH 2 or -COOH groups) can be
charged either positively or negatively. However, if there are both basic and acid
groups, the surface is amphoteric. At high pH it is negatively charged, at low pH
positive. There is a certain pH where the surface charge is zero, and the highest contact
angle should be obtained if there is no surface reorganization. However, the advancing
contact angle titration curves for the nylon-NH2/COOH surfaces studied here do not
exhibit a maximum, instead bear similarity with the titration curve expected for a
surface composed of only -COOH species. It is possible that the hydrolysis with
sodium peroxide in aqueous solution leads to surface enrichment of carboxylic acid
groups, and a considerably smaller amount of amines are present on the surface.
However, as will be discussed later, this is not the case. It is speculated that at low pH,
the ionized amine species can induce a sufficient degree of disorder in the outermost
modified layer to cause the hydrophobic methylene groups on the nylon 6/6 backbone to
be exposed at the surface. In other words, the more hydrophilic groups (-COOH and
NH3+) are buried inside the film. As the solution pH increases to a certain range such
that no charged species are present on the surface, -COOH and -NH 2 groups are
exposed and therefore, a decrease in advancing contact angle is observed. When the
buffer pH is high enough, -COOH becomes deprotonated. The surface composition
may not allow sufficient reorganization (consider the relative bulkiness of-COO- as
compared with -NH3+ ) and further decrease of the advancing contact angle. The
heterogeneity of the functionalized surface and the flexibility of polymer chains lead to
an overall advancing contact angle transition from -62° at low pH to ~54° at high pH.
The examination of receding contact angle with pH buffered aqueous solutions didn't
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Figure 2.3. Dependence of advancing and receding contact angle (0a/0r) on
buffered aqueous solutions on nylon-NlVCOOH surfaces.
51
yield a clear transition, and the exact value varies from 1 1° to 1 9°. It is likely that
surface roughness and hydrogen bonding between the surface functional groups and the
probe fluid lead to indistinguishable transition with respect to solution pH. To
summarize, the advancing contact angle analysis indicates the presence of dissociating
groups (-COOH and -NH2) on the hydrolyzed surfaces. Their relative amount,
however, cannot be determined from the wettability study.
Another method at our disposal to hydrolyze nylon 6/6 under mild conditions is
to utilize the easy hydrolysis of the N- lBoc derivatives of amides, prepared through the
reaction with di-/<r/-butyldicarbonate (Scheme 2.2). 15 The N-'Boc derivatives were
chosen to render the amide carbonyl more susceptible to nucleophilic attack. Unlike the
VC* (t-Bu02C)20 LiOH H+ "
^
* > //
/
I
/
NH Et3N DMAP NCOrt-Bu H20 —NHCOr t-Bu
Scheme 2.2. Two-step hydrolysis of nylon6/6: lBoc activation and subsequent
hydrolysis.
sodium peroxide catalyzed hydrolysis, this reaction liberates the free carboxylic acid
group and the amine groups in the protected form, permitting further elaboration of the
carboxylic acid residue. Therefore the surface is expected to exhibit the enrichment of
only one dissociating species (-COOH). Films remained clear and no dimensional
change was observed after the treatment. The (Boc activation leads to a slight decrease
in surface wettability, and the observed advancing and receding contact angles are 72°
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more
and 23° respectively. Upon subsequent hydrolysis, the film surface becomes
hydrophilic (62°/15°) than virgin nylon. The nylon-'Boc/COOH surfaces exhibit no
obvious pH-dependant wettability, which is quite unexpected. A close examination of
the surface chemical composition suggests that there is a stable hydrogen bonding
between the carboxylic acids and the activated carbonyl groups at close proximity
(Scheme 2.3).
O7
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/ H
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/
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-^HC-O-t-Bu
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Scheme 2.3. Hydrogen bonding on nylon-'Boc/COOH surfaces.
To examine the extent of surface hydrolysis, XPS labeling techniques were
applied to introduce new and easily detectable elements at the surface.
Pentafluorobenzoyl chloride (PFB) was chosen for the labeling of surface amine groups
introduced upon hydrolysis (Scheme 2.4). An attempt to use heptafluorobutyryl
chloride (HFB) as the labeling agent failed because it doesn't distinguish between
amines and amides. The reaction of virgin nylon with HFB under the same conditions
as described for PFB in the absence ofTEA gives surface fluorine concentration as high
as 15.69% at 15° takeoff angle and 9.52% at 75° takeoff angle. Given the relatively low
density of amine groups on the surface of virgin nylon, this result simply means that
PFB reacts with both amines and amides. The electronegativity of fluorine renders HFB
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more susceptible to attack even by such weak nucleophile as amides. On the other
hand, the benzene ring in PFB effectively screens the electronegativity of fluorine. The
O
/
/
/
/
/
o
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-NH<
NEt3 /THF
O
II
/
/
Scheme 2.4. Reaction of surface amines with pentafluorobenzoyl chloride.
bulky benzoyl group also leads to slower reaction kinetics. As a result, PFB reacts
selectively with amines in the presence of amides. Surface carboxylic acids were
labeled with thallium by reaction with thallous ethoxide for XPS analysis (Scheme 2.5)
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Scheme 2.5. Reaction of surface carboxylic acids with thallous ethoxide.
Thallous ethoxide is a suitable label because it reacts preferentially with carboxylic
acids in the presence of amine, and amide functionalities.24 It is a useful XPS label
because it has high sensitivity factor, and thallium carboxylate is more stable to
o I
hydrolysis than other metal carboxylates.
Table 2.2 summarizes the XPS and contact angle results for nylon 6/6 films
surface modified by hydrolysis. Compared with virgin nylon, the nylon-COOH/NH 2
surface exhibits a slight increase in nitrogen concentration, with a decrease in carbon
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concentration, indicating possible surface enrichment of amine groups. Both nylon-'Boc
and nylon-'Boc/COOH, on the other hand, have greater amounts of oxygen on their
surfaces, which is consistent with N-t-Boc derivation of surface amide groups. Thallous
ethoxide labeling of nylon-COOH/NH2 results in a Tl concentration of 1 .65% at 1 5°
takeoff angle. Virgin nylon exposed to neat thallous ethoxide resulted in 0.98% Tl at
the same takeoff angle. A dramatic increase in Tl (4.17%) concentration is observed on
nylon-'Boc/COOTl surfaces. The abnormal increase in oxygen concentration for
thallous ethoxide-labeled surfaces may be attributed to the oxidation of surface
immobilized thallium (I) species on exposure to air (thallous ethoxide darkens upon
exposure to air). The absence of nitrogen at a 15° takeoff angle on nylon- lBoc/COOTl
surfaces is a result of overlapping of Tl4d and N ls peaks due to the large amount of Tl on
the surface. These results indicate that the two-step hydrolysis method effectively
increased the amount of carboxylic acid groups on the surface, and sodium peroxide-
catalyzed hydrolysis only affects a slight increase in surface carboxylic acids. Labeling
nylon-COOH/NH2 with pentafluorobenzoyl chloride (PFB) led to much higher F% as
compared with the control sample (12.55% vs. 4.63%). Therefore, an increase in
surface amine density was achieved by sodium peroxide-catalyzed hydrolysis. Notice
the higher atomic concentration at lower takeoff angles for all the surfaces studied. It
can be concluded that the hydrolysis methods employed here are confined to the
outermost 40 A.
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Table 2.2. XPS and contact angle data for hydrolysis study
sample
C N O other
virgin nylon 76.09 10.07 13.84 69
78.28 10.27 11.44
Nylon-NH2/COOH 73.66 13.49 12.85 56
72.53 14.03 13.44
nylon- Boc 73.69 6.61 19.70 72
74.65 8.90 16.45
nylon-'Boc/COOH 77.03 7.19 15.78 62
78.23 9.47 12.30
nylon-Tl 75.50 7.38 16.21 0.91 TI
78.51 9.46 11.75 0.28
T1
nylon-NH2/COOTl 70.92 10.47 16.96 1.65 TI
76.43 10.05 12.95 0.57
T1
nylon-'Boc/COOTl 71.04 0.00 24.02 4.94T1
69.24 7.72 18.87 4.17
T1
nylon-C6F 5 74.61 8.86 12.35 4.63 F 72
78.05 9.37 10.62 1.95
F
nylon-COOH/NHCOC6F 5 71.86 5.47 10.12 12.55 F 83
75.82 8.23 9.46 6.48
F
Or
20
11
23
15
17
32
'upper rows are 15° takeoff angle data, and lower rows are 75° takeoff angle data,
'water contact angle on oven dried samples.
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Figure 2.4. XPS (survey, 15° takeoff angle) spectra of (a) nylon-Tl, (b) nylon-
NH2/COOTl, (c) nylon-'Boc/COOTl.
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Reduction
Surface modification of nylon 6/6 by reduction of amide groups has the
advantage that no chain cleavage will take place, and therefore the possibility of surface
degradation and roughening is eliminated. If reduction can proceed to a high
conversion, one can expect to obtain a surface with a high density of secondary amine
groups. Introduction of amine functional groups on polymer surfaces can have profound
effects on the surface properties of the polymer. It has been shown that surface amine
functional groups play an important role in processes such as biofouling,32 metal
deposition,33 cell growth34 and DNA grafting. 35 Due to its high reactivity, a variety of
other functional groups can be subsequently introduced onto nylon 6/6 surfaces.
Reduction of carboxylic acid amides to the corresponding amines has been examined
with a variety of reagents including lithium aluminum hydride (LiAlH4) or by catalytic
hydrogenation. LiAlH4 may lead to chain cleavage and the formation of side products
such as aldehyde or alcohol. BH3THF, on the other hand, is a good reducing agent that
selectively reduces amides to the corresponding amines. 16 Under the same conditions,
the carboxylic acid groups at the chain ends will be reduced to hydroxyl groups.
Sodium in alcohol 17 and borane dimethyl sulfide 18 have also proven to be reagents of
choice for most reductions of amides to amines.
Table 2.3 summarizes the results from the reduction study. A previous study36
of amine-terminated self-assembled monolayers on SiC>2 indicates highly hydrophilic
surfaces (6a/Or = 23°/ 19° immediately after the monolayer deposition), which attracts
air impurities rapidly, and an advancing contact angle of 4
1
0
was observed even if the
samples were kept in a desiccator under the pressure of -lmbar for 3 weeks. This study
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amine-
explains the inconsistencies in the literature regarding the wettability of
terminated monolayers. It can be concluded from the current study that amine-
terminated monolayers are more hydrophilic than the amide surfaces (9A of 69° for
virgin nylon surfaces). Water contact angle on BH3THFnylon-NH surfaces indicates an
improved wettability, implying that a great percentage of surface amides were converted
to the corresponding secondary amines upon reduction with BH3THF. The basic amine
groups are expected to be protonated at low solution pH, and therefore become more
(a)
(b)
(c)
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Scheme 2.6. Reduction of amides on nylon 6/6 surfaces to give (a) nylon-NH, (b)
BH3DMS
nylon-NH, (c) Nanylon-NH.
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Table 2.3. XPS and contact angle data for the reduction reaction
sample XPS atomic concentration (%)a
C N O Other nOR
nylon-NH 85.03 7^96 6.20 0.80CI 39 To
82.44 11.11 5.65 0.80rl
BII3DMS
, XIII
nylon-NI 1 80.15 9.79 1 0.05 67 28
76.70 11.78 11.52
Na
nylon-NH 80.48 8.00 11.52 65 25
78.03 10.53 11.44
BH3THF i XTIf j i/^ti
nylon-NH-HCl 84.01 6.21 7.38 2.49cl
82.90 9.34 4.60 3.15 C1
1 * 1 r h
mi3,,,l
nylon-NHCOC 6F 5 64.88 3.34 5.90 25.88' 87 36
65.51 4.84 5.30 24.35 1
''
m,3,)MS
nylon-NHCOC6F 5 72.06 4.99 9.08 13.87 1
'
77 32
75.25 6.63 10.07 8. 05'
Na
nylon-NHCOC6F 5 68.89 6.12 9.79 15.20' 75 35
74.87 8.89 10.02 6.23
1
''
'upper rows are 15° takeoff angle data, and lower rows are 75° takeoff angle data,
water contact angle on oven dried samples.
wettable. The deprotonation of the charged species should increase the contact angle at
higher pH. Figure 2.5 is the contact-angle titration curve for nylon-NH films.
Although there is an 8° difference between the highest and the lowest values, the data
are somewhat scattered. Again, this may be attributed to the difficulty in forming
charged species at solid-liquid interfaces, surface roughness, hydrogen bonding, or
polymer chain reorganization induced by the onset of ionization. Notice that at all pi I
values studied, the advancing contact angles are considerably lower than that of virgin
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nylon. The reduction with BH3DMS and Na, however, didn't lead to any ehange in
surface wettability, and this may imply a lower extent of modification. The inspection
ofXPS for the nylon films upon reduction modification can yield information regarding
the effectiveness of the reduction reactions. Theoretically, if wc neglect the end groups,
a complete conversion of amide carbonyl groups for nylon 6/6 to the corresponding
-CH2 groups should give a surface composition of 86% carbon, 14% nitrogen and 0%
oxygen. Comparing with virgin nylon, our reduction reactions lead to an increase in
carbon concentration and a decrease in oxygen concentration for all three cases studied,
* 1 BH3THF
with nylon-NH exhibiting the most dramatic change. Since the reduced surfaces
have higher surface energy, they are more easily contaminated, and therefore the
increase in the amount of carbon on the surface may not be an indication of the reaction.
In addition, the ideal orientation of polymer chains on the surface, with all the functional
groups being exposed, is hard to achieve. Therefore, the comparison based purely on
the relative amount of each element on the surface is not conclusive. On the other hand,
useful information regarding the surface derivation can be obtained by analyzing the
high resolution Cls spectra since the chemical shift is sensitive to the chemical bonding
environments. Figure 2.6 shows high resolution Cls peaks for virgin nylon,
BH3DMS
nylon-NH, Nanylon-/NH and BH3THFnylon-NH, and the corresponding curve-fitting
results are included in Table 2.4. The observed binding energy is higher than the
literature reported value, and this is due to a charging effect during the XPS analysis.
Visual inspection of the Cls spectrum for BH3THFnylon-NH clearly indicates the
disappearance of the amide carbonyl shoulder at high binding energy (290.56 eV). The
percentage of carbon corresponding to the -CONH- changes from 13.98% for virgin
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nylon to 2M%, 10.26% and 6.99% for BH3™nylon-NH, B™snylon-NH and %ylon-
NH respectively. The corresponding percent conversion can thus be calculated as SQo/o,
27% and 50%. It is worth mentioning that the reaction time for borane reduction (both
in THF and in toluene) are 10 h, while the reduction using Na was only carried out for 2
h. The choice of reaction time is determined to limit the extent of nylon plasticization
by the reaction media. Since neither THF nor toluene causes any plasticization, and
ethanol, on the other hand can induce severe plasticization upon prolonged exposure, a
two-hour reaction time was chosen for the latter reaction. We can conclude that
reduction of nylon films with BH3 THF complex offers the best result. Reduction with
sodium in alcohol may be an equally good reaction, but the solvent property may not be
suitable for longer treatment.
Figure 2.5. Dependence of advancing contact angle (0A ) on pH buffered aqueous
nylon-NH surfacessolutions on BH3THF
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Figure 2.6. High resolution Cls spectra (15° takeoff angle) for virgin nylon (a),
BH3DMS
nylon- NH (b), Nanylon-NH (c) and BH3THFnylon-NH (d).
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C^JS*vSS£$! peak for virgin ny,on»
w
BE
lev J
BE
(ev)
type of % area
atom a b c d
287.68 285.0
-CH2- 72.41 74.51 77.35 79.91
288.78 286.0
-CONH-CH2- 13.88 15.23 15.66 17.55
290.56 288.0
-CONH- 13.98 10.26 6.99 2.54
"binding energy obtained in this study, literature values. 37
Using pentafluorobenzoyl chloride, the reduced nylon films can be examined by
XPS fluorine atomic concentration (Table 2.3). A similar trend is observed, with
BH3XHF
nylon-NH films exhibiting the highest fluorine concentration, and BH3DMSnylon-
NH the lowest. The great increase in F% for BH3THFnylon-NH (25.88%) (virgin nylon
only gives 4.63% fluorine after labeling) demonstrates the effectiveness ofBH3 THF to
reduce the surface amides to the corresponding amines for nylon 6/6. Assuming virgin
nylon doesn't react with PFB (which is not the case as indicated by the control), a
theoretical fluorine concentration of25% can be obtained if both reduction and labeling
reactions proceed to 100% conversion. Comparing also with the sodium peroxide
catalyzed hydrolysis method discussed above (12.55% fluorine after labeling), it can be
concluded that the reduction method is more efficient for the introduction of surface
amines. There is a takeoff angle dependence for all PFB labeled samples, with
BH3THF
nylon-NHCOC6F5 being the least pronounced.
28
Equation 2. 1 expresses the attenuation of photoelectron intensity as a function
of sampling depth, where N0 is the number of photoelectrons that originates at depth t,
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N is the number of photoelectrons emitted from the solid that have not been inelastically
scattered, X is the mean free path of the electron, and G is the takeoff angle. This
expression indicates that 95% of detected photoelectrons originate in the outermost
3*sin(9). Using a mean free path of 14 A for C 1 s electrons,38 this expression indicates
that 15° takeoff angle spectra are representative of the composition of the outermost
-10
A of the film sample, and that the 75° takeoff angle spectra represent the composition of
the outermost
-40 A. Also indicated by this expression is that 54% of the signal in the
Equation 2.1
:
N = N0 e-' Usin0
75° spectrum is due to electrons originating in the outermost 10 A. The more
pronounced takeoff angle dependences for BH3DMSnylon-NHCOC 6F5 and
Na
nylon-
NHCOC6F5 samples indicate that reduction with BH3 DMS in toluene and sodium in
ethanol are both surface-confined despite their lower conversion. Reduction with BH3 -
THF probably proceeds more deeply into the film because fluorine concentrations at
both 15° and 75° takeoff angles are very close. The reaction products may have
changed the solvent property ofTHF such that penetration into the film is possible. The
4th entries (
BH3THF
nylon-NH-HCl) 'm Table 2.3 are XPS data for a BH3 THF reduced
nylon sample without sodium hydroxide washing, therefore, the reduced amides exist as
charged species (RiR2NH2+Cr). Higher chlorine concentration is obtained at 75°
takeoff angle (3.15%) than that from 15° takeoff angle (2.49%). Virgin nylon exposed
to a 0.1 N HC1 solution for the same period of time did not exhibit any chlorine signal at
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either takeoff angle. These results suggest that BH3 THF can effectively reduce the
surface amides; however, the reaction is not surface-limited, at least from an XPS point
of view. At this point, ATR-IR spectra for virgin nylon, BH3THFnylon-NH and %ylon-
NH were recorded and the results are shown in Figure 2.7. The carbonyl region of
virgin nylon, i.e., the amide I region, originates from amide CO stretching vibration,
appearing as a single peak at 1640 cm" 1
. The band at 1560 cm" 1
, denoted the amide II
band, is a mixed frequency band containing the N-H in-plane bending and C-N
stretching. Other peaks that are of interest include CH2 symmetric stretching at 2860
cm"
1
,
CH2 asymmetric stretching at 2920 cm 1
,
and N-H stretching at 3300 cm" 1 . No
detectable difference can be observed among the spectra shown in Figure 2.7, indicating
a modification depth of less than 200 A (the sampling depth under the conditions
employed is -0.2 - 0.5 urn for 3000 - 1500 cm" 1 ).
28
Therefore, the reduction with
BH3 THF led to a modified layer thickness of around 100 A, which is a crude
estimation. After labeling amines with PFB, surfaces become more hydrophobic as
indicated by the increase in water contact angles for all three surfaces, and eA/0R of
77°/32°, 75°/35° and 87°/36° were observed for BH3DMSnylon-NHCOC6F 5 ,
Na
nylon-
NHCOC6H5 and BH3THFnylon-NHCOC6F 5 surfaces respectively.
To summarize, reduction of nylon 6/6 can be achieved either by BH3THF,
BH3 DMS or sodium metal, with percent reductions of 80%, 27% and 50%
correspondingly. The reaction conditions employed here led to surface-limited
modification, and the enriched surface amines were used for the electroless metal
deposition discussed below.
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Figure 2.7. ATR IR spectra of (a) virgin nylon, (b) BH3THFnylon-NH and (c) Nanylon
NH.
N-Alkylation
The third method employed to introduce versatile functional groups on nylon 6/6
surfaces is N-alkylation. N-alkylation has been used for post-modification of parent
water-soluble polymers such as polyacrylamide for the incorporation of hydrophobic
20
moieties. The aqueous solutions of thus modified polyacrylamides show enhanced
viscosity due to the association of hydrophobes, and can be used as rheology modifiers
in various applications such as paints, cosmetics and pharmaceuticals. Graft
copolymers consisting of polyamide 12 as a backbone and poly(ethylene oxide) as side
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chains have been synthesized through ethoxylation of polyamide 12. Polymer
electrolytes prepared from these polymers exhibit interesting ion conductivity
properties.
21 No detailed study of nylon surface modification through N-alkylation was
found. The advantage of using this method is the flexibility of functional groups that
can be introduced when Afunctional alkyl halides are used. Modifications with a series
of alkylating reagents, include 3-glycidoxypropyltriethoxysilane, 4-
(trifluoromethyl)benzyl bromide, allyl bromide, 1 ,4-dibromobutane and 2-
bromoethylamine hydrobromide were studied with the objective of determining which
method works best for nylon. Amides are very weak bases, far too weak to attack alkyl
halides, so they must first be converted to their conjugate bases. In the presence of
potassium tert-butoxide (
l
BuOK), the amide groups can be attacked and partially
ionized. In all cases, a large access of lBuOK (with respect to the amount of amides on
nylon surface) was used to ensure a high conversion of amide to its conjugate base.
THF was used as the solvent (with the exception of N-alkylation using 2-
bromoethylamine hydrobromide) because T3uOK dissolves readily in THF, and it is
inert. As discussed above, THF is a good reaction media for nylon surface
modification. A catalytic amount of crown ether was added to ensure complete
conversion of the amide to its corresponding conjugate base form. With the exception
of 3-glycidoxypropyltriethoxysilane, alkyl bromides were used as the alkylating agents
because bromide anion is a better leaving group in SN2 reactions than chloride anions.
If alkyl iodide were used, there would be a greater extent of competitive elimination.
Scheme 2.7 summarizes the reactions studied here.
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Scheme 2.7. Nylon 6/6 surface modification by N-alkylation and subsequent reactive
labeling.
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When nylon films are used for food packaging, low gas permeability and a high
barrier to water vapor are desirable properties. Since nylon readily absorbs water from
air, we speculate that deposition of a dense silicon dioxide layer that is made
hydrophobic by further silane chemistry may reduce the amount of water absorbed.
Here 3-glycidoxypropyltriethoxysilane (GPTES) was employed to anchor silanols to
nylon surfaces through N-alkylation. Epoxides can be easily polymerized by
hydroxides, alkoxides, oxides and metal alkyls and aryls, including radical-anion
species such as sodium naphthalide, and anionic polymerizations have the
characteristics of living polymerization. In the case of unsymmetrical epoxides such as
GPTES, the resultant polymer is expected to have a predominately head-to-tail structure
due to steric considerations.4 The presence of ethoxysilyl groups does not interfere with
the anionic polymerization. Amides on nylon surfaces were activated by 'BuOK and
subsequently initiated ring opening polymerization of GPTES. Tertiary alcohols, such
as /-butanol, have very low reactivities in base-catalyzed epoxylations. 21 Therefore,
although there is a large access of 'BuOK in the reaction media, the likelihood of bulk
polymerization of GPTES initiated by lBuCT is slim, and the polymerization is mainly
initiated by the active anionic sites on nylon surfaces. The monoethoxylate anion added
to nylon surface during initiation subsequently adds GPTES in the propagation reaction.
The polymerization is terminated upon exposure to the washing solution. Figure 2.8 is
the XPS 15° takeoff angle spectra for the resulting film, and the atomic composition
data can be found in Table 2.5. The presence of Si2s (153 eV) and Si2p (103 eV)
indicate the incorporation of GPTES functionality onto nylon surface. The absence of
Nls (401 eV) both at 15° and 75° takeoff angles (samples treated for 12 h), however,
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suggests that this chemically anchored polymer layer is thicker than the sampling depth
of XPS. A 3h-alkylation reaction gives higher silicon surface concentration both at 15°
and 75° takeoff angles compared with samples treated for 12 h, and the resultant surface
exhibits lower advancing contact angles. These results seem contradictory at first
glance. Longer reaction time should lead to more incorporation of GPTES, thus a
higher amount of silicon on the surface. We speculate that the ethoxylation reaction is
very fast and is complete within a few hours. Prolonged reaction time only led to
reorganization of the anchored PEG-Si(OC2H 5 )3 chains such that the silyl head groups
are wrapped inside the polymer layers. Since silanols are generated on the surfaces after
hydrolysis, and silanol surfaces have high surface energy, the higher carbon
concentration on the first sample may be the result of more surface contamination
during handling. Notice that the samples treated with GPTES for 3 h exhibits 1 .61%
nitrogen at 75° takeoff angle, which implies that the PEG-Si(OH)3 layer thus obtained
has a thickness between 10 and 40 A. This sample was consistently used for further
modification. The high resolution Cls spectrum (15° takeoff angle, 3 h sample) for
nylon-PEG-Si(OH)3 film sample is shown in Figure 2.8. Notice its strikingly different
shape when compared with that of virgin nylon. The high binding energy peak
attributed to amide carbonyl almost disappeared and a new peak that can be attributed to
carbon adjacent to oxygen appears at lower binding energy. The Cls spectrum for
nylon-PEG-Si(OH)3 was deconvoluted into three peaks, with their relative position and
amount are summarized in Table 2.6. Carbons bonded to nitrogen (-CONH-CH2-) and
those bonded to oxygen (ether-type component, -C-0-) appear at similar binding
energy, and cannot be differentiated. The observed percentage is 47.60%, much higher
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Figure 2.8. XPS survey and CIs high resolution (15° takeoff angle) spectra of nvl
PEG-Si(OH)3 .
on-
than the percentage of carbons at the same binding energy for virgin nylon (13.88%).
The percentage of the higher binding energy component that originates from the
carbonyl carbons decreases from 13.98% for virgin nylon to only 4.61% for the
modified nylon. The percentage of the hydrocarbon-type component also decreases.
This clearly indicates a complete reaction of amide groups with GPTES. This
modification method offers an alternative for grafting of polyethylene glycol) (if
ethylene oxide is used instead) layer on nylon surfaces to reduce non-specific protein
adsorption. Anspach et al. 1
1
have studied the surface modification of nylon-based
affinity membranes for the development of a hydrophilic membrane with low
nonspecific protein adsorptivity. Membranes were first activated with bisoxirane and
formaldehyde at terminal amino groups and amides groups. Dextrans were covalently
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immobilized on the activated membranes. Anchoring through amino end groups is
inherently inefficient, and the formaldehyde-activated membranes were unstable under
acidic conditions, which is a consequence of the reversibility of the chemistry as
mentioned above. Our method, on the other hand, is expected to result in a robust and
dense PEG layer, and the study of its effectiveness in reducing non-specific protein
adsorption should yield insight regarding the underlying chemistry.
Nylon-PEG-Si(OH)3 samples that were prepared using N-alkylation reaction and
subsequent hydrolysis discussed above contain reactive silanols that allow further
reaction with organosilanes to fine-tune surface wettability. Scheme 2.8 shows the
reactions involved. Samples were exposed to tetrachlorosilane vapor at room
temperature with reduced pressure for three repeating deposition cycles (see
experimental section, also refer to Chapter 3). The resulting sample is referred to as
nylon-PEG-Si02. Visual inspection of the sample films after reaction revealed no
obvious deformation, and the films remained transparent. Samples were thoroughly
dried under vacuum (20 mtorr) at 50 °C for 24 h before the deposition reaction. It is
possible that SiCl4 or by-product HC1 be absorbed into the film. Since SiCl4 hydrolyzes
fast in the presence of water, and nylon absorbs water readily upon exposure to air, its
incorporation into the film cannot be completely ruled out. In that sense, a composite
film was obtained. On the other hand, the presence of HC1 on the film surface (outer 40
A) can be examined by XPS. The third entries in Table 2.5 show the XPS results for
this sample. An increase in silicon and oxygen concentration accompanied by a
decrease in carbon concentration (relative to nylon-PEG-Si(OH)3 ) indicate the coating
of the film by Si02 . The film composition at 1 5° and 75° takeoff angles remains
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Table 2.5. XPS and contacl
surface modification.
angle data tor N-alkylation with GPTES and subsequent
XPS atomic concentration (%\a contact angle (°) b
Si c 0 other
nylon-PEG-Si(OH)3 10.93 49.39 39.68 0.00N 61 15
(12 h) 8 54 ^ ^ Q T. Q noJj.Jo J5.U8 0.00
nylon-PEG-Si(OH)3 1 A c A14.54 37.48 47.98 0.00N 51 10
(3 h) 11.97 46 23 40 19 1 61 N
nylon-PEG-Si02 21.58
19.27
22.94 55.48
22.39 58.34
33 5
nylon-PEG-Si02-C6Fi3 14.10 23.51 30.14 32.25F 128 91
16.08 22.12 45.09 16.70F
\ipper rows are 15° takeoff angle data, and lower rows are 75° takeoff angle data,
water contact angle on oven dried samples.
Table 2.6. Curve fitting (15° takeoff angle) summary of nyllon-PEG-Si(OH)3
BE (eV)a BE (eV)b type of atom0 % area
287.68 285.0
-CH2- 47.79
288.78 286.0
-CONH-CH2-
-C-O-
47.60
290.56 288.0
-CONH- 4.61
abinding energy obtained in this study, literature values.37 cthe underlined C is the
objective carbon atom for the assignment.
similar, indicating that the outer 40 A is homogeneous in the direction perpendicular to
the film plane, and the thickness of the deposited Si02 layer is more than 40 A. Carbon
and oxygen observed on the surface are likely from the anchored PEG chain. The
contact angle changes upon Si02 deposition from Qa/0r = 51710° to 3375° for nylon-
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es were
PEG-Si02
.
To render the surface hydrophobic, the nylon-supported silica sampl
subjected to a vapor phase reaction of tridecafluoro- 1 , 1 ,2,2-tetra-
hydrooctyDdimethylchlorosilane (FDCS) at 50 °C for 18 h. The chemical composition
of the resultant film sample (abbreviated nylon-PEG-Si02-C 6F 13 ) is shown Table 2.5.
A high fluorine concentration (32.25% at 15° takeoff angle) is obtained, indicating the
presence of a silica layer underneath with high density of surface silanols. The film
surface becomes dramatically hydrophobic as evidenced by the high contact angles (9A
/6R = 128791°). The presence of the hydrophobic skin layer on the nylon film is
expected to reduce its water adsorption.
A
/
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Scheme 2.8. Surface modification of nylon-PEG-Si(OH)3 with organosilanes
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The advantage of the N-alkylation method employed here lies in the fact that a
variety of functional moieties can be introduced simply by changing the structure of the
alkyl halides. Alkyl bromides used in this study include 4-(trifluoromethyl)benzyl
bromide, 1 ,4-dibromobutane, allyl bromide and 2-bromoethylamine hydrobromide. The
chemical reactions involved are included in Scheme 2.7. XPS and contact angle data
for the products of these reactions are reported in Table 2.7. 4-(Trifluoromethyl)benzyl
bromide was chosen in order to introduce benzylic functionalities onto nylon surfaces.
The wide range of standard organic chemistry targeted at aromatic rings can be
subsequently applied. The presence of the trifluoromethyl group allows the extent of
modification to be followed by XPS, eliminating the labeling process. Its presence at
the 4-position also increases the electronegativity of C-Br bond, facilitating the
nucleophilic substitution by amide anions. Unfortunately, the reaction conditions
applied here did not yield a high conversion as evidenced by XPS and contact angle
data. Only -4% fluorine was detected at 15° takeoff angle, and surface wettability does
not change upon modification. The reaction media turned dark blue upon addition of 4-
(trifluoromethyl)benzyl bromide, and the color rapidly disappeared after vigorous
stirring. Upon completion of the reaction, a light yellow solution with some white
precipitation was obtained. The color change indicates the presence of reactive anionic
species. The fact that only a low percentage of 4-(trifluoromethyl)benzyl groups was
incorporated onto the surface led to the conclusion that the reaction is sterically
hindered. Recall that we used pentafluorobenzoyl chloride as a labeling agent for
surface amines. The high reactivity of the acid chloride may have overcome the steric
factor, giving the quantitative labeling reaction. The reaction of lBuOK-activated nylon
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with 1,4-dibromobutane is interesting because both ends of the molecules are reactive.
When a Afunctional reagent is used in a solution phase reaction, crosslinking can be
avoided by playing with stoichiometry. In the case of surface modification, the situation
is quite different. Once one end of 1 ,4-dibromobutane is anchored, the other end
close proximity to the surface active species, and the local concentration of amide
anions is much higher than the bromide, leading to an interchain crosslinking reaction
(Scheme 2.9). The flexibility of the four methylene spacer also favors crosslinking.
The XPS results (Table 2.7, entry 2) for surfaces thus modified agree with the proposed
mechanism. An increase in carbon concentration as compared with that for virgin nylon
indicates the incorporation of alkyl chains onto the surface. The low percentage of
bromine detected reveals the high degree of crosslinking reactions between adjacent
chains.
/
/
/
/
/
/
/
K+
Br^^^^\Br
-KBr
K
/
/
/
/
KBr
Br
K
Scheme 2.9. Proposed mechanism for surface crosslinking using 1,4-dibromobutane
N-alkylation with allyl bromide allows the incorporation of olefins on nylon
surfaces. Again, its incorporation is indicated by the increase in carbon concentration.
The amount of nitrogen and oxygen decrease accordingly. A 1 00% percent conversion
would yield a surface chemical composition of 82%, 9% and 9% for carbon, nitrogen
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and oxygen respectively. An excess of carbon concentration a. 15° takeoff angle is
again attributed to polymer chain orientation. The observed chemical composition al
75° takeoff angle, however, is very close to the theoretical values. The shape oftheds
peak changes accordingly (Figure 2.9), with a decrease in the carbonyl shoulder al high
binding energy, and a broadening of the intermediate region (hat corresponds to carbons
bonded to nitrogen. Table 2.8 is the summary of Cls curve lilting results at 1 5° takeoff
angle. An increase (relative to virgin nylon) in the concentrations of both aliphatic
carbon and carbon bonded to nitrogen is observed. At the same time, the amount of
earbonyl carbons decreases. This is consistent with the incorporation of ally] groups to
the amide sites on nylon surfaces. Since the amount of oxygen remains constant before
and after the reaction (its relative percentage, of course changes upon modification), we
normalize the relative amount of carbons bonded to nitrogen with the concentration of
carbonyl carbons (15.45% / 9.67% - 1
.60). Performing the same exercise on virgin
nylon gives the corresponding value of 0.99. The yield for this reaction is estimated to
be -60%. Bromination of the olefin surface confirms the presence of unsatutation. The
reaction conditions applied here effect selective reaction with double bonds in the
presence of amide bonds. Figure 2.9 clearly indicates the presence of bromine upon
bromination. After soaking the film samples in Br2/CCl 4 solution in the dark for 2 h,
the original colorless films turned yellow. The film samples were subsequently
thoroughly rinsed with solvents (including soaking in THF for 2 h), and dried in a
vacuum oven (20 mtorr, 50 °C) for 24 h in order to remove absorbed Br2 . Sample films,
including the control, remained light yellow after this process. Nylon has been widely
used as a clothing material due to its easy dyability. Therefore, it is not surprising that
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bromine concentrations of 0.17% (15° takeoff angle) and 0.20% (75° takeoff angle)
were observed in virgin nylon. Assuming a 60% conversion of N-alkylation with ally!
bromide, and a 100% bromination reaction, a bromine concentration of
-10% is
expected. The observed bromine concentration is relatively low (4.31% at 15° takeoff
angle). It is known that surface bromine is very susceptible to X-ray-induced damage.
For example, the intensity of the Br3d photoemission decreased by approximately 10%
Table 2.7. XPS and contact angle data for N-alkylation and subsequent derivitization
samPle XPS atomic concentration (%)a contact angle (°)b
C N O other 6A 0R
nylon-Bz-CF3 76.65 8.57 10.80 3.98 1
"
65 16
78.22 9.82 9.88 2.08F
nylon-(CH2)4Br 80.80 7.79 11.06 0.35 Br 72 13
80.82 8.85 10.10 0.24Br
nylon-CH2CH=CH2 84.09 6.77 9.14 72 17
82.44 9.27 8.48
nylon-CH2CHBrCH2Br 84.56 3.59 7.54 4.31 Br
79.63 5.47 8.33 6.57Br
nylon-Br2 76.36 10.13 13.34 0.1
7
Br
77.32 10.74 11.74 0.20
Br
tBuOK
nylon-NH2 78.12 9.64 12.24 74 10
77.34 12.79 9.87
tBuOK
nylon-NHCOC6F5 66.69 6.76 9.41 17.14F 121 <10
70.75 8.15 8.88 12.21 F
'upper rows are 15° takeoff angle data, and lower rows are 75° takeoff angle data,
'water contact angle on oven dried samples.
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Figure 2.9. XPS survey spectra (15° takeoff angle) for (a) nylon-CH2CH=CH2 , (b)
nylon-CH2CHBrCH2Br. Inset is the high resolution Cls spectrum for nylon-
CH2CH=CH2 .
Table 2.8. Curve fitting (15° takeoff angle) summary of nylon-CH2CH=CH2 .
BE (eV)a BE (eV)b type of atom0 % area
287.68 285.0
-CH2- 74.87
288.78 286.0
-CONH-CH2- 15.45
290.56 288.0
-CONH- 9.67
abinding energy obtained in this study, literature values. 37 cthe underlined C is the
objective carbon atom for the assignment.
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after a single high-resolufion scan.- A certain extent of film deformation was observed
after the reaction, which can be attributed to solvent (CC14) - mduced plasticization. As
a result, the surface morphology can be very different from nylon-CH2CH=CH2
samples. A higher bromine concentration (6.57% at 75° takeoff angle) is probably due
to the absorbed Br2 inside the film, which cannot be extracted during the washing
process employed. As a result, the bromination only gives a qualitative conclusion, that
is: N-alkylation with allyl bromide effectively incorporated double bonds onto nylon
surfaces. The measured 0A/eR for nylon-(CH2)4Br and nylon-CH2CH=CH2 surfaces are
72<713° and 72<717° respectively. On one hand, this may suggest a relatively low
degree of surface modification. The high percentage of carbon observed on both film
surfaces indicates that this is not the case. Although some of the amide hydrogen was
replaced by alkyl or allyl groups, the strong hydrogen bond between water and amide
carbonyls on the surface seems to dominate the surface wettability. Since the amount of
amide carbonyls doesn't change upon modification, a dramatic change in water contact
angles is not expected.
The last entry in Table 2.7 summarizes the results from N-alkylation with 2-
bromoethylamine hydrobromide (BEAHBr). Due to the presence of HBr in BEAHBr
(one mole equivalent), a high yield was obtained when BEA HBr was premixed with an
equivalent amount of lBuOK before introducing it to the reaction medium. The reaction
ofHBr with 'BuOK eliminated its likelihood of deactivation of amide ions by HBr
during the subsequent reaction. The product is tert-butanol, which is the conjugate acid
for
lBuOK, and is not expected to have any effect on the alkylation reaction. To ensure
a more homogeneous reaction medium, DMSO was employed as the solvent instead of
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THF to ensure better mixing of the reaction media. Because nylon can dissolve in
DMSO at high temperature (-90 °C), the reaction temperature was lowered
correspondingly (room temperature). The availability of primary amine group in BEA
makes it an attractive reagent for anchoring amine functionalities on nylon surfaces.
Furthermore, previous study has demonstrated that ethyleneimine (EI) groups can be
introduced into poly(allylamine) by a simple in situ reaction of this polymer with 2-
chloroethylamine hydrochloride. The resulting polymers were highly effective as
polymeric chelating agents due to their high densities of amine functionalities.40 An
interesting question raised here is whether the anchoring of hyperbranched
polyethyleneimine polymers onto nylon surfaces through dendritic growth is possible in
the present system. A small change in the surface composition was observed upon
modification with BEA. The advancing contact angle increases (0A = 74°) while the
receding contact angle decreases (0R = 10°). Reaction of
tBu0K
nylon-NH2 with PFB led
to the labeling of amine functionalities incorporated on the surface. Fluorine
concentrations of 17.14% and 12.21% were obtained for 15° and 75° takeoff angles
respectively, indicating surface enrichment of amine functionalities. Assuming no
dendritic growth, and 1 00% incorporation of BEA and a 100% labeling reaction, a
20.8%) fluorine concentration is expected. The basic conditions employed in our
reaction made it possible for in situ polymerization. However, due to steric hindrance, a
high extent of dendritic growth is hard to achieve. Due to the chemical similarity of the
parent nylon film and the reagent BEA, the thickness of the chemisorbed layer is hard to
determine. The contact angle data upon PFB labeling are interesting in that 0A as high
as 121° was accompanied by 0R of less than 10°. Notice that there is already an increase
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(eA/9R = 74° /10- for~* nylon-NH2 as compared with 9A/6R of 69° /20° for virgin
nylon) in contact angle hysteresis even before the labeling reaction. The extremely high
hysteresis is attributed to the fact that the surface chemisorbed layer is thick and
flexible. Water can penetrate more deeply into the film due to the favorable interaction
of water with amines, causing a depressed receding contact angle. In other words,
branched polyethyleneimine is highly likely (Scheme 2.10). Therefore, the reaction
product illustrated in Scheme 2.7 is the idealized situation assuming that no
polymerization occurs.
Scheme 2. 1 0. Proposed surface structure for nylon-NH2 .
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Surface Metallization with Electrons Plating ofGold
The amine surfaces obtained by the modification methods described above
used to study gold deposition through electroless plating. Electroless plating of metal
an important technique for metallizing insulators and objects with geometries that are
difficult to coat by electroplating. Because of its good mechanical properties and
chemical stability, nylon is expected to be a good solid support for the positioning of Au
nanoparticles, imparting both structural integrity and unique material properties to the
composite.
Surfaces examined for electroless gold plating include nylon-COOH/NH2 ,
nylon-NH and tBuOKnylon-NH2 , all of which exhibit surface enrichment of amine
functionalities. Due to their ability to support positive charge, immobilization of a
negatively charged metal complex can be achieved through electrostatic interaction.
Metallic gold is produced by chemical reduction using NaBH4 , and the color is the
function of the size and shape of the metal. Scheme 2.1 1 describes the chemical
reaction involved in this process. After submersion into NaBH4 solution for 30 sec, the
/
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Scheme 2.11. Electroless gold plating on nylon surfaces with enrichment of amine
functionalities.
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nylon-NH and nylon-NH2 film samples turned deep purple, indicating the
formation of gold particles. The nylon-COOH/NH2 sample only exhibited a slight
purple tint while the control sample with virgin nylon did not show any color ehange.
Figure 2.10 depicts the XPS survey spectra for virgin nylon, nylon-COOH/NH2 and
nylon-NH after gold deposition. The Au4f peak in the survey spectrum, with its
characteristic spin-orbit doublet at high resolution: 4f7/2 at 88. 1 eV (84.4 eV28 ), 4f5/2 at
91.8 eV (88.1 eV28), are characteristic for Au°. The observed shift in binding energy
relative to the literature value is due to charge buildup during the analysis. The absence
of chlorine indicates that after reduction, chlorine is released from the metal. Notice the
increase in the intensity of Au4 f peak from virgin nylon-Au to BH3THFnylon-NH-Au. As
discussed above, reduction with BH3 THF gives the highest yield of surface amine
functionalities. Since the incorporation ofAuCLf anions occurs through electrostatic
interaction with the protonated amine species on the surface, it is logical that the highest
amount ofAu is observed on such surfaces. However, the amount of gold detected at
75° takeoff angle (7.25%) is higher than that at 15° takeoff angle (6.78%). This
suggests that Au metal is not confined on the surface. It is, therefore, speculated that
either the ionic precursor penetrates into the polymer layers during the loading process,
or the gold metal penetrates into the polymer film during the drying process, or both. It
is quite likely that the ionic precursor, AuCl4" does not stay anchored upon its
complexation with surface ammonium ions. The process can be very dynamic. The
ionic precursors, that are already on the surface, transport very fast through the solvent
(ethanol) - plasticized nylon films, reaching into the bulk of the film. The vacancies
left on the surface are subsequently occupied by the incoming ions. The relatively thick
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modified layer ofB^nylon-NH^.^^^ ^ ^^
result obtained for ^nylon-NH-HCl, where a hlgher chlorine concentration is
observed at a higher takeoff angle. On the other hand, the gold particles that are initially
deposhed on the ^nylon-NH surface can penetrate into the polymer underlayer.
After the gold deposition process, samples were dried in the oven at 50°C for 24 h. At
this condition, the polymer chains exhibit a certain degree of mobility. The penetration
ofAu particles from the surface into the bulk phase of the polymer matrix is driven by
the reduction of surface free energy ofAu particles. It is highly possible that both
processes exist for
BH3THF
nylon-NH, and a composite film consisting of gold particles
dispersed in the polymer matrix was obtained. The uniformity of the particle dispersion
and the depth of the penetration, however, is not clear. It is worth mentioning that in
order for the penetration of Au, both ionic and elemental, to occur the presence of high
amine density on the substrates is required. The control experiment with virgin nylon
gave only Au concentrations of 1.10% and 0.54% at 15° and 75° takeoff angles,
respectively. The incorporation of AuCl4" is hard to achieve since the concentration of
terminal amine groups is extremely low. In the case of the nylon-COOH/NH2 substrate,
an equally low amount of gold was observed. Hydrolysis of nylon with sodium
peroxide results in the generation of cleaved chain ends on the surface. Therefore, both
amines and carboxylic acid groups are present on the surface, although the amines are in
excess. The number of amine groups on this surface is lower than that on BH3THFnylon-
NH surface. As discussed above, the protonation of amine groups in the presence of
carboxylic acid moieties leads to the reorganization of polymer chains on the surface
such that ionic amine species are "wrapped inside". The total amount of "effective"
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amines is, therefore, further lowered, leading to only traee amounts of Au incorporation,
An abnormally lower percentage of Au (last entry in Table 2.9) was observed on the
1 000 600 400 200
binding energy (eV)
o
Figure 2.10. XPS survey spectra (15° takeoff angle) for (a) nylon-Au, (b) nylon-
COOH/NH2-Au, (c) mini ii'nylon-NH-Au.
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Table 2.9. XPS data for sample surfaces upon gold electroless plating.
sample
nylon-Au
nylon-COOH/NH2-Au
BH3THF
, xttt anylon-NH-Au
tBuOK , XTTT .nylon-NH2-Au
XPS atomic concentration (%) £
C N 0 Au
74.52 8.13 16.16 1.10
O. /O 12.45 0.54
71.44 9.76 16.37 2.44
78.95 8.38 12.14 0.53
78.93 8.93 5.37 6.78
76.62 9.32 6.81 7.25
72.07 10.92 15.04 1.97
77.01 9.30 12.06 1.63
upper rows are 15° takeoff angle data, and lower rows are 75° takeoff angle data.
tBuOK
nylon-NH2 film samples, although they turned deep purple upon reduction. The
presence of branched oligomeric ethyleneimine on the surface may greatly facilitate the
penetration and migration of gold so that the majority is distributed inside the film
rather than on the surface. The UV-Vis results strongly support this reasoning.
The electroless gold plating was also studied by UV-Vis (Figure 2. 1 1). The
absorption band near 536 nm corresponds to a typical plasmon band of gold
nanoparticles. With the size increase of gold particles, the plasmon band shifts to longer
wavelengths. 41 The absorbance in the UV region increases in the following order:
nylon-Au (a) < nylon-COOH/NH2-Au (b) < BH3THFnylon-NH-Au (c) < tBu0Knylc-n-NH2-
Au (d). The strong absorption band for the tBuOKnylon-NH2-Au film sample is quite the
opposite of what was observed by XPS. Since UV-Vis was done in transition mode, the
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data obtained here are an indication of the bulk properties rather than surface
characteristics. The UV-Vis data, therefore, strongly support the early statement that
gold particles disperse preferentially in the bulk of tBuOKnylon-NH2 film rather than
being surface-confined. The overall weaker absorbance for BH3THFnylon-NH-Au
suggests that a lesser amount of gold is incorporated in this film, and the dispersion of
gold particles inside the film only occurs to a limited extent. Consistent with the XPS
results, nylon and nylon-COOH/NH2 samples exposed to the same plating solution only
induced trace amount of gold, most of which is on the surface. Previous studies prove
that dendritic polymers with surface amino groups are good templates/stabilizers for the
Due to the formation of an amine-gold ion
preparation of gold nanoparticles.41 '42
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Figure 2.11. UV-Vis absorption spectra of gold-coated chemically modified nylon
films: (a), virgin nylon, (b). nylon-COOH/NH2 . (c). BH3THFnylon-NH. (d). tBuOKnylon
NH2 .
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complex before reduction, aggregation of gold particles is eliminated. It is speculated
that large scale aggregation occurs only to a limited extent on tBu()Knylon-NH2-Au and
nylon-NH-Au composite films due to the high amine density of the substrates.
Attempts to visualize the size and distribution of gold particles throughout the
nylon-NH-Au sample by cross section microtoming failed to generate any
distinguishable interfaces or gold particles distributed on the film. Further experiments
in this direction may be necessary in order to reach a clear, definite conclusion.
A crude adhesion test, a tape test, 1 was carried out on BH3THFnylon-NH-Au
samples. The film sample was mounted on a clean glass slide with double-side Scotch
tape and was pressed against another glass slide to ensure proper anchoring of the film.
A series of normal cross-cuts (6 cuts for each direction) was traced with a sharp razor-
blade, using sufficient pressure to have the cutting edge reach the substrates. A piece of
transparent Scotch tape was placed on the center of the grid and pressed on the film
sample, and then the tape was pulled off after 120 s. Inspection of the tape side that
contacted the film sample using XPS didn't reveal any gold. The adhesion between the
gold layer and the reduction-modified nylon film is, therefore, quite strong due to the
complexation of gold ions with the surface amines during the plating process.
Conclusions
Several surface selective techniques were developed to introduce reactive
functional groups to nylon 6/6 surfaces. The modifications were targeted towards the
naturally abundant amide groups rather than the terminal amino or carbonxylic acid
groups. Hydrolysis of nylon 6/6 using sodium peroxide yields a surface mixture of
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amine and carboxylic acid groups (nylon-COOH/NH2), with amines in access. Contact
angle titration curve for nylon-COOH/NH2 surfaces appear similar to those for pure
carboxylic surfaces. Di-^-butyl dicarbonate-activated two-step hydrolysis yields a
surface mixture of carboxylic acids and amines in the protected form (nylon-f-Boc-
COOH). Two-step hydrolysis produces surfaces with higher densities of-COOH. The
hydrolysis methods generate a surface modified layer of thickness
~40A. Reduction of
surface amide groups by borane or sodium/ethanol produces surfaces with enriched
secondary amine groups without chain cleavage. Modification with BH3 THF offers the
highest conversion (80%), with a modified layer thickness of ~100A. Reduction with
BH3 DMS and Na/EtOH are more confined to the surface, although the extent of
conversion is lower. Activation of amides with potassium terr-butoxide facilitates the
N-alkylation of surface amides. When 2-bromoethylamine was employed as the
alkylation reagent, surfaces with branched oligmeric ethyleneimine were obtained.
Alkylation with allyl bromide leads to the introduction of surface vinyl groups.
Alkylation with 3-glycidoxypropyltriethoxysilane generated surfaces that contain
polyethylene glycol) with pendant silanols (nylon-PEG-Si(OH)3 ). Silica-like surfaces
were obtained upon exposure of nylon-PEG-Si(OH)3 to SiCl4/H20. Further silane
chemistry on these surfaces led to "hydrophobic nylons". Gold electroless plating was
carried out on surfaces with enriched amine functionalities. The high density of amine
groups on the surface not only facilitates their complexion of the precursor anions, but
also enhances the penetration of both AuCLf and Au°. A strong Au/nylon interface
exists when BH3THFnylon-NH is used.
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CHAPTER 3
CONTROLLED GROWTH OF SILICON DIOXIDE FROM "NANOHOLES" IN
SILICON-SUPPORTED TRIS(TRJMETHYLSILOXY)SILYL MONOLAYERS:
RATIONAL CONTROL OF SURFACE ROUGHNESS AT THE NANOMETER
LENGTH SCALE
Introduction
Nanostructured Materials
The scientific and technological issues of nanostructured materials are currently
attracting considerable attention. Nanostructured materials are described as a broad
class of materials, with microstructures modulated in one to three dimensions on length
scales of less than 100 nm. Alternatively, nanostructured materials can be defined as
materials with atoms arranged in nanosized clusters, which become the constituent
grains or building blocks of the material. 1 Nanostructured materials offer the potential
for significant improvements in chemical, physical, biological, mechanical and other
properties resulting from reducing microstructural features by factors of 100 to 1000
times compared to current engineering materials. For instance, because of the large
surface area to volume ratio, the chemical activities of nanostructured catalysts are
much higher than the microsized ones. Nanocrystalline copper is up to five times harder
than conventional micrometer-sized copper. Ceramics, which normally are brittle, can
be made more easily deformable if their grain size is reduced to the low nanometer
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range. In the biological world, living systems produce mineral materials (e.g. bone)
with particle sizes and microscopic structures in the nanometer range. It has been
shown that the electro-optical properties of nanometer-size particles can be tuned by
adjusting the particle size. Thus, when gold metal is reduced to nanosized rods (aspect
ratio of 2.0-5.4), its fluorescence intensity is enhanced over 10 million-fold. The
increase in the emission yield is believed to result from the enhancement effect of the
incoming and outgoing electric field via coupling to the surface plasmon resonance in
the rods.
2
There are numerous methods for preparing nanomaterials. The "top down"
method where the materials dimensions are reduced by subjecting them to high energy
either by ball milling, extrusion, shear, or high-energy irradiation, has been widely
utilized in industry. Nanotechnology promises a more elegant "bottom up" alternative
in which electronic or other devices are assembled from simpler components such as
molecules and other nanostructures. Nature has been using this method to construct
complex biological architectures. Chemical vapor deposition has been used to deposit
atoms or molecules of materials on suitable substrates. Crystallization or precipitation
from unstable states of condensed matter can be employed to generate nanomaterials. 3
Molecular self-assembly is yet another attractive method to generate nanomaterials. 4 A
simpler method which entails synthesizing the desired material within the pores of a
mesoporous membrane is called "template synthesis". 5 This synthesis is an elegant
chemical approach for the fabrication of nanostructures, in particular different kinds of
nanowires. It can be considered an alternative to conventional lithographic methods. It
is possible to prepare tubules and fibrils composed of polymers, 6 semiconductors, 7
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ceramics, 8 polymer blends and composites.9 The template method entails the
preparation of a variety of micro- and nano-materials of a desired morphology and,
therefore, provides a route for enhancing the nanostructure order. In the broadest sense,
a template may be defined as a central structure within which a network forms in such a
way that removal of the template creates a filled cavity with morphological and/or
stereochemical features related to those of the template.
The template method has a number of interesting and useful features. First, it
overcomes the weaknesses of other synthetic methods that have poor control of the final
morphology of the produced nanostructures. The template synthesis method is able to
prepare monodisperse nanorods and nanotubules of almost any desired geometry. In
addition, it is also very general with respect to the types of materials prepared. It is used
to prepare both nanotubules and nanofibibrils composed of conductive polymers,
metals, semiconductors, carbon and other materials. Tubular and fibrillar
nanostructures with extremely small diameters can be prepared. For example,
conductive polymer nanowires with diameters as small as 3 nm have been prepared
using this method. It is difficult to make nanowires with diameters this small by
lithographic methods. Finally, the tubular or fibrillar nanostructures synthesized within
the pores can be freed from the template membrane and collected. Alternatively, an
ensemble of micro- or nanostructures that protrude from a surface like the bristles of a
brush can be obtained.
Aside from membrane templates, a variety of other templates have been utilized
to generate nanostructured materials. Kageyama et al. 10 reported the fabrication of
crystalline nanofibers of linear polyethylene by mesoporous silica-assisted extrusion
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polymerization. Polymer chains, formed at the activated titanocene sites within the
individual mesopores, are extruded into the solvent phase and assembled to form
extended crystalline fibers, with diameters of 30 to 50 nm. Because of the much smaller
pore size (27 A), the folding of the polyethylene chains within the mesopores is
prevented. The mesoscopic pore in this particular case serves as a template, which can
(a) (b) (c)
Figure 3.1. Crystalline polyethylene nanofibers by extrusion polymerization, (a), (b)
proposed mechanism; (c): SEM micrograph. 10
suppress the kinetically favored chain folding process (Figure 3.1). Jiang et al. 1
1
reported a nanoscale "lost-wax" method for forming colloidal crystals with size
distributions around 5%. Macroporous polymer templates are first prepared from silica
colloidal crystals. These macroporous polymers are subsequently filled with different
liquid precursor solutions in a second templating process. Further chemical process
leads to the solidification of the precursor. An array of colloids that retain the initial
silica template geometry is obtained upon removal of the polymer template. Rather than
developing separate chemical methods for different materials, this approach utilizes
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high-quality colloidal crystals to create a template for the second generation of colloidal
particles (Figure 3.2).
(a)
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(c)
Figure 3.2. SEM images for a silica colloidal crystal template (a), a solid TiC>2 colloidal
crystal (b) and a hollow TiC>2 colloidal crystal (c). 1
1
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Motivated by the simplicity of the template method, researchers around the
world have focused on other templates including block copolymers, 12 dendrimers,' 3
carbon nanotubes, 14 amorphous phase of semicrystalline polymers, 15 clay,' 6 DNA,"
surfactants, micelles, 18 " and crystalline cell surface layers (S-layer) of bacteria
20
species. Recently we prepared nanoscopic silicon dioxide posts on silicon wafers
using a block copolymer thin film as the template. Arrays of nanopores oriented normal
to the surfaces were used as nanoscopic reaction vessels and silicon dioxide
produced within the pores defined by a crosslinked polystyrene scaffold. Reactive io
etching was used to remove the organic matrix, leaving free-standing silicon dioxide
posts on a silicon substrate. 21
was
Monolayer Templates
As mentioned in Chapter One, chemical modification of silicon oxide surfaces
with organosilanes has been widely utilized to control surface properties. However, the
utilization of the monolayers as templates for the fabrication of nanostructures on the
silicon substrates has been rare. This is understandable because for most applications,
highly dense monolayers are expected in order to obtain the best properties. However,
Park et al. recently described the strategy of generating nanosized conducting polymer
* 22
wires and semiconductor (tellurium) nanoclusters23 on gold electrodes using self-
assembled monolayers of well-separated thiolated cyclodextrins in an alkanethiol
"forest". The cyclodextrin cavities were shown to serve as molecular templates, in
which monomer molecules anchor and initiate a polymerization process which leads to
polymeric nanowires with a diameter about 85 nm and 3.4 um in total length. The same
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Monomer or HTe0
2
+
P-CD alkanethiol
Figure 3 3. Growth of polymer nanowire or semiconductor nanocluster using a
cyclodextnn molecular template.
applies to the deposition of tellurium nanoclusters. The clusters initially grow inside the
cylindrical cavity, and then continue to grow to overfill the cavity, and the later stage
growth occurs preferentially in the lateral dimension. The size of the fully grown
nanoclusters is 2-4 nm in diameter and monolayer height. When compared with the
much smaller cavity diameter of cyclodextrin template (7.8 A), it is obvious that the
template didn't confine the growth of nanostructured materials at all stages. This is due
to the much smaller dimensions compared with other templates mentioned above.
Recently, the preparation and properties of tris(trimethylsiloxy)silyl tris(TMS)
monolayers and their use as patterns for the synthesis of uniformly mixed binary
monolayers of organosilanes on oxidized silicon wafers was described by the McCarthy
group.
24
The covalent attachment of trisTMSCl on silicon wafers surfaces is shown in
Scheme 3.1. Contact angle studies using probe fluids of increasing molecular size
showed that even closely packed monolayers of trisTMS have interstitial holes
(nanopores) that can be used to modify the surface further. The results of this
experiment are shown in Figure 3.4. If the molecular size of the probe fluid is smaller
than the average separation distance between trisTMS molecules, the probe fluid can
penetrate through the trisTMS layer and interact with the underlying surface (Si-OH).
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Scheme 3.1. Covalent immobilization of trisTMSCl on silicon wafer surfaces
molar volume (mL/mol)
Figure 3.4. Contact angle hysteresis vs. molar volume of the probe fluid for the
trisTMS monolayer prepared in the vapor phase.24
Thus, the probe fluid "senses" a heterogeneous surface, which causes the measured
hysteresis to be large (~ 10°). If the molecular size of the probe fluid is larger than the
average separation distance between trisTMS molecules, the probe fluid is excluded
from penetrating the monolayer and only 'senses' a homogeneous layer comprised of
trisTMS molecules. In this case, the observed hysteresis is low (~ 2°). The transition
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from penetrating ,o non-penetrating probe fluids is an indiea.ion of the average pore size
of the trisTMS monolayer. In the ease of a fully covered trisTMS surface, the size of
the pores was shown to be between 0.49 and 0.54 nm2 . Uniformly mixed binary
monolayers have been obtained by backfilling the nanoholes with smaller silane
reagents.
Stafford et al.
25
have studied the controlled adsorption of end-functionalized
polystyrene to silicon-supported trisTMS monolayers. In this work, control of the
surface coverage of trisTMS was used to manipulate the distribution and size of these
nanoholes. Such surfaces are unique for the study of polymer adsorption onto model
chemically heterogeneous surfaces, providing a route to control lateral correlations of
surface interactions. The trisTMS monolayers can be viewed as templates for polymer
adsorption because the carboxylic acid end-functionalized polystyrene selectively
adsorbs to the surface silanols within the nanoholes.
While filling these holes with polymer brushes offers a way to tune the surface
wettability, the growth of inorganic material from these holes will be important in the
construction of a quasi two dimensional nanocomposite with tunable topography and
wettability. The ultimate goal of the present research is to grow silicon dioxide in a
controlled fashion using trisTMSCl-modified silicon wafer as template. In this chapter,
controlled growth of silicon dioxide (Si02) using tetrachlorosilane (SiCl4) and water as
precursors on tris(trimethylsiloxy)chlorosilane (trisTMSCl)-modified silicon wafers as
templates is described. By manipulating the kinetics of the vapor phase reaction of
trisTMSCl with silicon wafers, surfaces with varying densities and distributions of
unreacted silanols (in nanoholes) were obtained. Subsequent treatment with SiCl4/H 20
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led to site-specific growth of silica from the nanoholes that was monitored by atomic
force microscopy (AFM). Different nanoscale structures with varying surface roughness
and hydrophobics were fabricated by controlling the growth kinetics. Modification of
the newly grown silica with
tridecafluoro-l,l,2,2-tetrahydrooctyl-dimethylchlorosilane
(FDCS) allowed the growth kinetics to be followed by X-ray photoelectron
spectroscopy. Chemical etching effectively removed the organic residues, resulting in
hydrophilic silica surfaces with nanoscale roughness. Further modification with FDCS
rendered the surfaces hydrophobic. Water contact angle analysis and AFM clearly
indicated that nanometer scale roughness can have profound effect on surface
wettability.
Experimental
Materials
All reagents were used as received. Ethanol, 2-propanol, toluene, chloroform
(all HPLC grade), concentrated sulfuric acid, hydrogen peroxide (30%) and sodium
dichromate were obtained from VWR Scientific. Xylene (HPLC grade) was purchased
from Aldrich. Organosilanes were obtained from Gelest. House-purified water (reverse
osmosis) was further purified using a Millipore Milli-Q system that involves reverse
osmosis, ion exchange, and filtration steps (18 x 106 Qcm). Silicon wafers were
obtained from International Wafer Service (100 orientation, P/B doped, resistivity from
20 to 40 Qcm).
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Methods
Contact angle measurements were made with a Rame-Hart telescopic
goniometer equipped with a Gilmont syringe and a 24-gauge flat-tipped needle. Water,
purified as described above was used as the probe fluid. Advancing (9A) and receding
(0r) contact angles were recorded while the probe fluid was added to and withdrawn
from the drop, respectively. Contact angles reported are an average of at least three
measurements taken at different locations on the sample. X-ray photoelectron spectra
(XPS) were obtained on a Perkin-Elmer Physical Electrons 5100 using Mg Ka
excitation (15 kV, 400 W). The pressure in the analysis chamber was less than 10'8 torr.
Spectra were taken at a take-off angle of 75° (between the plane of the surface and the
entrance lens of the detector optics) at pass energies of 89.45 eV and 35.75 eV for
survey and Ci s region respectively. Atomic Force Microscopy (AFM) measurements
were performed on a Dimension™ 3100 microscope system (Digital Instruments, Inc.)
according to established procedures. Silicon cantilevers with the typical resonant
frequency of 300 kHz and spring constants ranging from 40.0 to 66.0 N/m were used to
acquire images in TappingMode at room temperature in ambient conditions. The
scanning rate was around 1 Hz. "Flattening" was applied to the raw images before
performing roughness analysis. Images were captured on 1 urn x 1 um area.
Roughness analysis was averaged from three random areas per sample. Film thickness
was measured with a Rudolph Research AutoEL-II automatic ellipsometer equipped
with a helium-neon laser (X = 6328 A) at an incidence angle of 70° (from the normal).
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Chemical Modification of Silicon DinviHp
Silicon wafers were cut into 1
.5 x 1 .5 cm
2
pieces and were submerged in a
freshly prepared mixture of 7 parts concentrated sulfuric acid containing dissolved
sodium dichromate (-3-5 wt%) and 3 parts 30% hydrogen peroxide. Plates were
exposed to the solution overnight, rinsed with copious amounts of water and placed in a
elean oven at 120 °C for 1 h. Samples cleaned and dried in this fashion were used
immediately. A vapor phase reaction was applied to modify the surfaces with
monochlorosilanes (trisTMSCl and FDCS) following a described procedure.24 In a
typical experiment, the substrates were placed in a custom-made wafer holder (slotted
glass cylinder) and suspended in a reaction tube containing 0.5 mL of silane. There was
no direct contact between the silane liquid and the substrates. The reaction was carried
out at 68-70 °C for varying times. After the silanization reaction, wafers were rinsed
with 1 x 10 mL toluene, 2 x 10 mL 2-propanol, 2 x 10 mL ethanol, 1 x 10 mL
ethanol/water mixture ( 1 : 1 ), 2 x 1 0 mL water, 2 x 1 0 mL ethanol, 2 x 1 0 mL water and
then dried in an oven at 120 °C for 30 min.
Growth of Silicon Dioxide from Tris(TMS) Monolayers
Silicon dioxide was grown from trisTMSCl-modified silicon wafers using a
chemical vapor deposition (CVD) method in a vacuum system controlled by a Mano-
Watch (Model MW- 1 000, Instruments for Research and Industry, I 2R, Inc.) device;
the vacuum system was equipped with a sodium hydroxide trap and a liquid nitrogen
trap. Samples were placed in a sample holder in a reaction vessel, which was
subsequently flushed with nitrogen, evacuated to 20 mtorr and equilibrated to 50 ± 1
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mm. SiCl4 vapor was introduced from a reservoir cooled with a mixture of o-xylene
and liquid nitrogen (-23 °C). The deposition took place at 25 ± 2 °C and 50 ± 1 mm.
After
1 min of SiCl4 exposure, the SiCl4 reservoir was closed and the reaction vessel
was purged with nitrogen and evacuated to 20 mtorr (step A). The reaction vessel was
then opened to the air for 5 min, during which period an equilibrium amount of water
re-adsorbed onto the sample surface. The reaction vessel was again evacuated to 20
mtorr and re-equilibrated to 50 mm (step B). The growth of Si02 was controlled by
repeating the A-B sequences. After the desired number of cycles, the substrates were
removed from the reaction system, rinsed with ethanol and water, and then dried in an
oven at 120 °C for 30 min. AFM images were acquired to monitor the evolution of
surface topography. Samples that were subsequently treated with FDCS using the vapor
phase reaction described above were characterized by contact angle and XPS. To
determine the thickness of the chemisorbed Si02 , the CVD of Si02 was carried out on
silicon wafers without the pre-adsorbed trisTMS. Figure 3.5 illustrates the reaction
setups for the growth of Si02 .
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SiC If
cold bath
-23 °C
Figure 3.5. Schematic illustration of the reaction setup for the chemical vapor
deposition of SiC»2.
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Results and Discussion
The deposition of silicon dioxide (Si02) thin films is important in a variety of
applications. In the semiconductor industry, it is widely used as interinsulators for
large-scale integrations,26 liquid-crystal displays,27 and gate insulators for thin-film
transistors.
28
Deposition of a thin Si02 layer on the surface of porous Vycor glass gives
a highly perm-selective membrane for H2 . 29 In the coatings industry, Si02 is one of the
most useful materials because of its hardness, transparency in the visible spectrum,
chemical stability, high electrical resistivity and gas shielding ability. 30 Growth of Si02
from tin oxide disks templated with organic molecules leads to sensors with clear
molecular recognition function. 31 Silica nanostructures have attracted considerable
attention because of their potential application in mesoscopic research, the development
of nanodevices and the potential use of large surface area structures for catalysis. 32
Silica nanowire, nanotubes,33 polymer/silica nanocomposites,34 and silica core-shell
particles
35
are several examples. We are interested in using silicon dioxide growth to
modify the surface characteristics of flat silicon surfaces, including roughness,
wettability and nanoscale surface topography, and this was the main focus of this study.
The growth of Si02 from un-modified silicon wafers was studied in order to gain
insight into the growth kinetics and film quality. To grow Si02 from trisTMS-
templated silicon surfaces, two conditions need to be satisfied: the deposition method
must not destroy or contaminate the trisTMS monolayer, and the film thickness must be
controllable at a thickness scale comparable to the height of the trisTMS groups.
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Deposition of thin film Si02 has been widely studied. Silica film can be deposited by
either liquid-phase deposition (LPD)36,37 or by ehemieal vapor-phase deposition
(CVD). 38 -39 A selective Si02 film can be formed by adding boric acid (H3BO3) to a
supersaturated hydrofluosilicic acid (H2SiF6) solution at room temperature, and this is a
promising candidate for many advanced applications. The film, however, is
eontaminated with fluorine. 36 Using tetraethylorthosilicate (TEOS) as a silicon source
eliminates fluorine contamination, but the growth kinetics are complicated by many
parameters and the film is not uniform at the nanometer scale. 37 Conventional CVD
using organosilicon compounds has been extensively studied, but it usually involves
high temperature, which is not suitable for our organic (trisTMS) system. 38 Plasma-
enhanced CVD offers an alternative to using high temperatures,39 but it is not selective
to surface chemistry and it is likely that the trisTMS monolayer will be plasma-
degraded. Atomic layer control of thin film growth can be affected using self-limiting
surface reactions and a binary reaction sequence. Brunner et al40 reported a procedure
that involves the formation of an alkylsiloxane monolayer through self-assembly of a
trifunctional silane from solution (step A) followed by UV/ozone oxidation of the
hydrocarbon groups (step B). Repeated application of this A-B cycle resulted in a linear
thickness increase of 2.7 A per cycle. Klaus et al41 have used a binary reaction sequence
that involves the exposure of a silica surface in ultrahigh vacuum to SiCl4 and H20
vapor in an alternating sequence. By using pyridine as a catalyst for both cycles,
pinhole free and homogeneous Si02 thin films were produced at room temperature with
thickness control at molecular level.
The generation of thin film Si02 was first attempted by LPD using
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tetraethylorthosilicate (TEOS). Clean silicon wafers were
.mmersed in a TEOS/water
solution (0.04 M) without any catalys, for varying times (45 mi„ ,o ,8 h). The samp.es
were subsequently sonicated for 8 min before dried in a clean oven. Ellipsometry
measurements indicated no growth for samples treated for 45 min, and soaking for as
long as 18 h only afforded a thickness of 5 A. In contrast to tc.rachlorosilane, which can
be hydrolyzed easily in the vapor phase, alkoxysilanes are stable for several hours in
water at pH ~7. Therefore, catalytic amounts of amine or acid are necessary to
accelerate the rate of hydrolysis. The stabily of the trisTMS monolayer upon prolonged
exposure to acidic or basic solutions is questionable. As discussed above, precise
control over the film thickness by this method is hard to achieve. Therefore, the LPD
was discarded.
Table 3. 1
.
Summary of physical properties for tetrachlorosilane.
molecular
weight
boiling
point
melting
point
relative
density
vapor
pressure
relative vapor
density
169.86 52 °C
-70°C 1.52 (0 °C)
(water = 1)
26 kPa
(20 °C)
5.9
(air = 1
)
We modified the atomic layer deposition method so that it was unnecessary to
use a catalyst and a complicated high vacuum system and could be carried out in a
conventional organic laboratory. Tetrachlorosilane and water were used as the
precursors. Table 3.1 lists some of the physical properties of SiCl4 related to this study.
It has a low boiling point and a high vapor pressure at room temperature. The relatively
low melting point allows us to reduce its vapor pressure by cooling the liquid to a
temperature above -70 °C. Our cleaning procedure for silicon wafers not only removes
111
organic impurities but also results in a homogeneous and fully hydrated surface, with 4-
5 SiOH groups per nm2 remaining after the sample is dried at 1 20- 1 30 °C. 42 This
surface spontaneously adsorbs an equilibrium amount of water when exposed to the
atmosphere. Complete removal of surface adsorbed water can be achieved only by
heating above 600 °C. Previous research has shown that hydrolysis of chlorosilanes
(with the exceptions of (fluoroalkyl)chlorosilanes and amino-functional silanes43 ) to
silanols at the solid-gas interface by surface water on hydrated silica is required before
condensation with the surface silanols at room temperature without a catalyst. Direct
reaction of chlorosilanes with surface silanols only occurs at very high temperatures (>
300 °C).44 Based on these observations, a reaction procedure consisting of repeated
application of an A-B sequence (as described in the experimental section) was devised
to grow Si02 in a controlled manner. During step A, in which SiCl4 was introduced at
controlled vapor pressure, SiCl4 molecules in the vapor phase hydrolyze to form silanols
in the presence of surface-adsorbed water and subsequently condense with surface
silanols on the substrate to form siloxane bonds. If this deposition is allowed to proceed
for longer than 5 min, the growth process stops because the surface-adsorbed water is
consumed. Prior to step B, the SiCl4 reservoir was closed and reaction chamber was
purged with nitrogen and evacuated to 20 mtorr (twice) in order to remove SiCl4 left
from Step A. A control sample of a clean and dried silicon wafer that had not been
exposed to step A was introduced to the deposition chamber for 5 min, and was
subsequently analyized by ellipsometer. No detectable Si02 film was deposited,
indicating the effectivenss of the flushing/evacuation process. During step B, in which
air is introduced (the system had been evacuated and the valve connected to the SiCl4
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reservoir dosed between A and B cycles), re-adsorpdon of water on the surface occurs,
hydrolyzing residual surface chlorosilanes. The reaction chamber is then flushed with
nitrogen and evacuated (-20 mtorr) before the next A-B sequence. This allows for
continuous Si02 growth. We relied on the natural water adsorbtivity of the silica
surface to introduce water rather than exposing the substrates to water vapor. The
majority of water molecules are located at the solid-gas interface since thorough
flushing and evacuation was applied between cycles. Because the hydrolyzed species
are at close proximity to the solid surface, direct condensation with the surface silanols
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Scheme 3.2. Sequential procedure for the layer-by-layer growth of silicon dioxide film
on Si surface covered by a native oxide layer.
is preferred, and the possibility of particle formation is eliminated. A 1 min reaction
time was chosen for step A and was used for all experiments described here. It is
important that the the deposition be carried out in a static system where equilibrium
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vapor pressure was maintained during step A. Initial efforts to grow Si02 using pure
nitrogen as a carrier gas by bubbling the SiCl4 vessel were not successful. The control
over the film thickness was poor, and it varied from batch to batch.
XPS on the newly grown silica did not detect any CI, indicating the absence of
adsorbed HC1, or unhydrolyzed SiCl4 species on the surface. The newly grown oxide
layer is free of contamination as indicated by its low contact angle (water spreads).
Exposure of the wafer coated with newly grown Si02 to a mixture of
H2S04/Na2Cr207/H202 didn't lead to any reduction in film thickness as assessed by
ellipsometry.
Film thickness was measured by ellipsometry and at least three different
locations were examined on each sample. A refractive index of 1 .462 was used for both
the native oxide layer and the newly grown Si02 . Figure 3.6 shows the total Si02 film
thickness deposited on the Si (100) wafer versus number of A-B cycles. The Si02 film
thickness increases linearly with the increase of the number of reaction cycles and the
measured growth rate is 0.8 nm per A-B cycle.
Figure 3.7 shows the AFM images of native Si02 layer on silicon substrate. The
calculated Rq (root mean square roughness) is 2 A. Tapping mode AFM studies of the
deposited Si02 films show that surface topography is comparable with the roughness of
the nativel Si02 layer during the early deposition. Figure 3.8 shows the AFM images
for a Si02 film deposited by 3 repeating cycles, and the measured Rq and Rmax are 2 A
and 36 A respectively. Therefore the Si02 film grows conformally over the silicon
substrates during the early stage. Analysis of the AFM image for the film deposited by
5 repeating cycles indicated a surface roughness of 3 A with an Rmax of 47 A (Figure
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number of cycles
Figure 3.6 Total Si02 film thickness for deposition on smooth silicon wafers versus
number of SiCl4/water cycles at 50 mmHg and 25 °C.
3.9)
.
There is a slight roughening effect with more numerous deposition cycles, and R
q
of 5 A and Rmax of 41 A are observed for a film prepared with 10 A-B cycles (Figure
3.10)
.
It is worth mentioning that while Rmax measured by AFM only gives the relative
height difference between the highest and lowest points on the surface, ellipsometry
yields the absolute total thickness that is averaged over millimeter size (due to the finite
size of the laser beam). Unlike atomic layer deposition, where the surface reaction
continues until all of the initial surface functional groups have reacted and have been
replaced by the new functional group, the reaction of hydrolyzed SiCl4 with the surface
functional groups proceeds until all the active species in gas phase are consumed or the
reaction is terminated manually. Therefore, the roughening effect observed here is due
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to the existence ofmultiple reaction possibilities and the lack of self-limiting
mechanisms involved in this system. Partially hydrolyzed species have different
reactivities than completely hydrolyzed ones and the initial surface silanols have
different reactivity than the nascent ones. Vertical and lateral polymerizations as well
.
covalent attachment are all possible in the current system. Ordered structure through
self-assembly is not possible due to the absence of long alkyl chain in the silane
precursor used for the deposition. These differences suggest that control at the atomic
level will be difficult; however, the constant growth rate observed in Figure 3.6 implies
that the kinetics are well controlled and reproducible and the roughening effect is
present to only a limited extent. There is no detectable surface area increase for a film
deposited with 20 repeat cycles. The measured thickness of the trisTMS monolayer is
-0.7 nm, which is comparable to the Si02 growth rate. This suggests that selective
topography changes can be induced using trisTMS monolayers and this simplified low-
tech CVD process. Increasing the temperature of the SiCl4 liquid and decreasing the
vacuum pressure of the reaction system (increasing the SiCl4 partial pressure) results in
faster growth rates and rougher films. Decreasing the reaction time of step A or
decreasing the SiCl4 vapor pressure may lead to slower growth rate and smoother films
In the following section, the number of cycles is the only parameter that is varied to
control the growth of Si02 from trisTMSCl-modified silicon wafers.
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Figure 3.7. Tapping mode AFM images (top: height; middle: 3D; bottom: phase) of a
clean silicon wafer. Scan size: 0.5 am x 0.5 um.
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Figure 3.8. Tapping mode AFM images (top: height; middle: 3D; bottom: phase) of
SiC>2 grown on a silicon substrate after 3 repeating cycles. Scan size: jim x 1 |im.
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Figure 3.9. Tapping mode AFM images (top: height; middle: 3D; bottom: phase) of
Si02 grown on a silicon substrate after 5 repeating cycles. Scan size: 1 um x 1 um.
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Figure 3.10. Tapping mode AFM images (top: height; middle: 3D; bottom: phase) of
Si02 grown on a silicon substrate after 10 repeating cycles. Scan size: 1 jam x 1 jam.
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The reaction of monochlorosilanes with silicon dioxide (silicon wafers) is a
useful route to covalently attached monolayers with a variety of controllable structures
and tunable chemical compositions. The strong bonding in this system sets it apart from
self-assembled monolayers prepared with alkyltrichlorosilanes, which are strongly
bonded with neighbors (lateral siloxane bonds and van der Waals interactions between
alkyl chains) and to a small extent with the surface. As a result, the distance between
molecules is significantly greater.45 Using a very bulky organosilane, Fadeev et al. 24
have prepared complete monolayers of trisTMS on Si wafers (Scheme 3.1). Assuming a
perfect spherical shape for trisTMSCl with its molecular weight of 33 1 . 1 0 g/mol, and
density of 0.924 g/cm3
,
a simple calculation gives a diameter of -10 A and a cross
section area of 86 A2
,
which is considerably larger than simple alkyldimethylsilyl
groups (-32-38 A2) as well as alkyltrichlorosilane SAMs (-20 A2). The ellipsometry
measurement gave a thickness of the monolayer of 7 A using a refractive index of
1 .45
46
.
The inherent bulkiness of trisTMS leads to a poor packing of trisTMS on silicon
surfaces. These monolayers are "complete" in the sense that they are incapable of
incorporating any additional trisTMS groups, but can react with smaller silanes24 or end-
functionalized polymers. 25 Thus it contains what we call "nanoholes" with a maximum
cross section of ~0.5nm2 assessed by contact angle analysis. The kinetics of the
trisTMSCl reaction is interesting and useful to the studies reported here. Figure 3.1
1
shows water contact angle data for the reaction as a function of time.25 Significant
hydrophobization occurs within 1 hr, and the reaction continues over days and is not
complete until 5 days. This is understandable in terms of the both the availability of the
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reactive sites and the steric hindrance of trisTMSCl itself. During the initial stage, the
surface silanols are readily available, allowing for a high number of reaction events to
take place on the surface. As the surface becomes partially covered with trisTMS
molecules, it becomes increasingly more difficult for subsequent molecules to find
reactive sites as well as have the right orientation for successful reaction with the
surface. Thus the reaction kinetics slow dramatically as the density of trisTMS groups
on the surface increases. The surface coverage by trisTMS can be calculated using
Israelachvili and Gee equation47 assuming a complete trimethylsilyl monolayer gives a
contact angle of 108° and a pure silanol surface gives a contact angle of 0°.24 Higher
surface coverage by trisTMS means the average size of individual nanoholes (unreacted
silanols) is smaller, and their density lower. The control over the size and density of the
nanopores on the trisTMS-templated surface can be achieved by varying the vapor phase
silanization reaction time. Three different reaction times representing different reaction
stages were chosen to study the growth of silica: 3 h, 60 h and 120 h with the surface
coverage of 60%, 81% and 96% respectively. These surfaces are abbreviated 60TRIS,
81TRIS and %TRIS and collectively "TRIS surfaces"; pictorial representations of them
are shown in Figure 3.11.
The surface topography of trisTMS-modified silicon wafer was obtained by
AFM in tapping mode (Figure 3.12). The monolayer appears smooth at the nanometer
length scale, and the direct observation of the nanoholes is difficult. However, as will
be demonstrated below, the growth of amorphous silica from TRIS-modified silicon
surfaces is clearly dependent on the molecular tcmplating of TRIS monolayers. In other
words, the hydrolyzed SiCU species can "see" these nanoholes.
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Figure 3.11. Kinetics of the reaction of trisTMSCl with silicon wafers as monitored by
advancing (•) and receding (O) contact angles, and the graphic description of the areas
covered with TRIS groups.
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Figure 3.12. Tapping mode AFM images (top: height; middle: 3D; bottom: phase) of
trisTMS-modified silicon (
96
TRIS). Scan size: 1 \xm x 1 \im.
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Si02 was grown from trisTMSCl-modified silicon wafers using the method
described for smooth silicon wafers. This requires that water from the vapor phase
adsorbs in the nanoholes and is available for reaction with SiCl, Several data suggest
that this is the case: (1) the calculations using the Israelachvili equation24 to determine
surface coverage assumed a mixture of trisTMS groups and silanols and the probe fluid
was water. Clearly the silanols affect the contact angle and are thus assessed by liquid
water. (2) Contact angle hysteresis studies24 suggest that water penetrates the nanoholes
giving rise to contact line pinning and hysteresis. Only molecules with a molecular
cross section greater than
-0.5 nm2
,
e.g. dimethyladamantane, do not sense silanols.
AFM was utilized to characterize the evolution of surface topography; contact
angle and XPS were employed to follow the reaction kinetics. Table 3.2 summarizes
the AFM data for sequential reaction of SiCl4/water with 60TRIS, the surface 60%-
covered with trisTMS groups. The corrsponding AFM images are shown in Figure 3.13
to Figure 3.16. As compared to the originally smooth trisTMS functionalized surface,
nanoscale Si02 clusters are observed on the surfaces treated with SiCl4/H20, which
arise from the incomplete coverage of the surface by trisTMS. After the first reaction
cycle, Si02 appears like individual spherical caps uniformly distributed across the
surface. A line scan across the surface provides a measure of the height and diameter of
the caps on the surface by section analysis. The line scan as shown in Figure 3.13
indicates that the height (H) of the particular silica cap is about 8 nm, and its diameter
(D) is about 66 nm. The aspect ratio (r = H/D) is determined to be 0. 12. The height and
diameter of different silica clustered within the 1 um x 1 jam scan area are in the range
of 50-66 nm and 7-15 nm respectively. As the number of repeating cycles increases, the
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surface density and the size of the spherieal eaps increase and the space between them b
gradually filled up. Section analysis for ^TRIS after 2 growth cycles clearly indicates
bigger structures. The dimensions of silica cluster indicated by the arrows in Figure
3.14 are 15 nm (H) x 78 nm (D), with the aspect ratio of 0.19. After 3 repeating cycles,
the average diameter and height of Si02 spherical caps has increased to 60-90 nm and
20-27 nm respectively, and some of them have impinged to form aggregates. The
particular feature shown in Figure 3.15 has the dimension of 17 nm (H) x 86 nm (D).
We note that because of the convolution effect of the AFM tip (radius of curvature of 5-
10 nm) with the surface nanoscale structures, Si02 clusters may be smaller than they
appear in AFM images during the early deposition stage. The relative height difference,
however, is not affected. Closely packed 2D aggregation patterns are developed after
Table 3.2. AFM data for 60TRIS.
number of
reaction cycles R
q (nm)
a Ra (nm)b Rmax (nm)c AS (%)d
0 0.2 0.1 1.6 0
1 2.5 1.8 15.0 5
2 4.4 3.3 26.6 9
3 5.1 4.4 27.2 15
4 4.8 3.7 29.5 7
5 2.6 2.1 17.0 7
a
root mean square roughness. Wan roughness. cpeak-to-valley distance. d% surface
area increase.
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Figure 3.13. Tapping mode AFM height images (1 um x 1 urn) for the controlled
growth of Si02 from
60TRIS with 1 SiCl 4/H 20 reaction cycle. Top: plane view; middle:
cross section analysis (H and R are vertical and horizontal distances between the
arrows); bottom: 3D image.
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H = 15 nm; R = 39 nm
Figure 3.14. Tapping mode AFM images (1 um x 1 am) for the controlled growth of
SiC>2 from 60TRIS with 2 SiCU/HiO reaction cycles. Top: plane view of height image;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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Figure 3. 1 5. Tapping mode AFM images (I [mix I (im) for the controlled growth of
Si()2 from I RIS with 3 SiC Li/I
I
2(> reaction cycles. Top: p]ane view of height image;
middle: cross section analysis ( 1 1 and R are vertical and horizontal distances between
the arrows); hot loin: ^1 ) image.
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H= 12nm;R= 111 nm
Figure 3.16. Tapping mode AFM height images (1 fim x 1 jim) for the controlled
growth of Si02 from
60TRIS with 5 SiCl 4/H20 reaction cycles. Top: plane view;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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five repeating cyeles (Figure 3.16). Due to the impingement of the nanoclusters, the
estimation of individual cluster size is difficult. Water completely spreads on this
surface, indicating that i, is fully covered by Si02 clusters and that no trisTMS groups
are accessible to the probe fluid. The roughness analysis gives quantitive insight into
the growth kinetics.
AFM roughness analysis was performed on 1 urn x 1 m scan areas and the
results reported in Table 3.2 are averages from three different scan areas from the same
sample. Four parameters were used to measure the surface roughness. R
q (root mean
square roughness) is the standard deviation of the Z values within a given area. Ra
(mean roughness) represents the arithmetic average of the deviations from the center
plane. Rmax describes the difference in height between the highest and lowest points on
the surface relative to the mean plane, and AS is the percentage increase of the 3D
surface area over the projected surface area. It is clear that surface roughness increases
with the growth of Si02 , reaching a maximum after three reaction cycles, with 15% of
surface area increase. Further growth leads to decrease in roughness and AS due to the
impingement of Si02 nanoclusters. We note that peaks as high as 29.5 nm (after 4
reaction cycles) are observed, and maximum peak height decreases to 17.0 nm after the
5th cycle. Figure 3.17 is a graphic description of this process. Silica nucleates in
nanoholes by reaction of SiCl4 with residual silanols and grows up and out from the
Si02 surface forming mushroom-shaped caps that eventually impinge. The relatively
low aspect ratio as observed for the nanoclusters can be attributed to the physical
properties of the nascent silica and the TRIS template. Since the Si02 grown is
amorphous, and the height of the trisTMS molecular template is only 0.7 nm, the lateral
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growth is preferred. Therefore, the TRIS template only determines the bftU density
and size of the nanopores (silanols), and i, doesn't eonfine the growth of S,02 within the
domain of the nanopores onee it overgrows the TRIS monolayer. Nucleation and
growth are competitive and occnr at similar rates; there arc sections with no nucleation
when significant size nanoclusters are formed and no abnormally large clusters are
observed until impingement. Those started earlier grew until they reached a certain size
and seem to have stopped. This is perhaps due to the relationship between the curvature
of the mushrooms and the corresponding surface energy. With a certain curvature, the
surface free energy becomes the lowest. Therefore the mushrooms stop growing until
aggregation occurs.
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Figure 3.17. Graphic description of the build-up of Si02 using SiCl4/water reaction
cycles on a TRIS monolayer.
The growth of silica from the more densely covered 81TRIS and %TRIS surfaces
was also studied, and the results are consistent with the observations and analyses made
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above for the ^TRIS surface, but with predictable and explainable differences. One
might expect that as the number of nucleation sites diminishes, the overall growth of
Si02 becomes slower and the separation distance between features increases. Figure
3.18 to Figure 3.21 are AFM micrographs for 81TRIS template surfaces, and the
roughness data are shown in Table 3.3. Results obtained for 96TRIS are shown in Figure
3.22 to Figure 3.25, and the corresponding roughess analysis is summarized in Table
3.4. The smaller nanohole sizes (higher TRIS surface coverages) give rise to a lower
density of nucleation sites and, therefore, slower initial Si02 growth rates. After four
SiCl4/water cycles for 8,TRIS and 12 SiCl4/water cycles for 96TRIS, fewer Si02
nanoclusters have been nucleated than after one SiCl 4/water cycle for 60TRIS (compare
Figure 3.13, Figure 3.18 and Figure 3.22). It requires 12 and 28 reaction cycles for Si02
to completely cover 81TRIS and 96TRIS surfaces, respectively, compared with only 5
cycles in the case of 60TRIS. Complete impingement of the nanoclusters is difficult to
assess by AFM, but is trivial to assess by contact angle, which is discussed below. The
size of the nanoclusters logically depends on the number of nucleation sites and from
fewer nucleation sites, the individual Si02 clusters grow much larger and taller before
they eventually impinge. Inspection of the line scan shown in Figure 3.19 indicates
dimensions of 2 1 nm (H) x 1 1 6 nm (D) for the spherical cap. Further increase in the
dimenions of Si02 clusters is evident by the line scan shown in Figure 3.23, where an
individual nanocluster as large as 37 nm (H) x 140 nm (D) is observed. Recall that the
average size of silica caps is 8 nm (H) x 66 nm (D) during the initial growth stage for
60
TRIS. An aspect ratio as high as 0.27 is obtained from the 96TRIS surfaces, whereas
the highest value obtained from 60TRIS surfaces is 0. 1 9. The diameter for Si02
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nanoclusters varies in the range of 80-120 nm for TRIS surfaces, and 90-160 nm for
96TRIS surfaces. Notice that the size distribution of Si02 clusters is broader when
grown from surfaces with higher TRIS coverages. This is again the result of fewer
nucleation sites in order to initiate the growth simultaneously. Roughness also depends
on initial TRIS surface coverage (compare Table 3.3 and Table 3.4) with rougher
surfaces forming from surfaces with smaller nanoholes. As was the case with 60TRIS,
the roughness and surface area increase to a maximum with repeated reaction cycles and
then decrease upon impingement of the nanoclusters. Note the differences in height
range among the three TRIS surfaces. On 60TRIS, the highest value obtained for Rmax is
-30 nm compared to -40 nm on 81TRIS and -82 nm on 96TRIS. With fewer nucleation
sites, the nanoclusters can grow much taller before they impinge.
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Figure 3.18. Tapping mode AFM height images (1 um x 1 um) for the controlled
growth of Si02 from
81TRIS with 2 SiCl4/H20 reaction cycles. Top: plane view;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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H = 21 nm;R = 58nm
Figure 3.19. Tapping mode AFM height images (1 x 1 urn) for the controlled
growth of Si02 from
81
TRIS with 4 SiCl4/H20 reaction cycles. Top: plane view;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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Figure 3.20. Tapping mode AFM images (1 urn x 1 um) for the controlled growth of
Si02 from 'TRIS with 8 SiCl4/H20 reaction cycles. Top: plane view of height image;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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Figure 3.21
.
Tapping mode AFM images (1 urn x 1 urn) for the controlled growth of
Si02 from
8ITRIS with 12 SiCl4/H20 reaction cycles. Top: plane view of height image;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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Table 3.3. AFM data for 81TRIS.
number of reaction
cycles R
q (nm)" Ra (nm)" Rmax (nm)c AS (%)d
0 0.1 0.1 1.2 ()
1 1.0 0.6 15.3 0
2 2.3 1.0 25.0 1
4 5.7 4.3 29.6 6
6 6.0 4.9 33.3 10
8 7.5 6.4 36.2 13
10 8.6 7.6 41.2 15
12 4.3 3.5 29.4 7
"root mean square roughness, "mean roughness. cpeak-to-valley distance. ^% surlnpp
area increase.
Table 3.4. AFM data for 96TRIS.
number of reaction
cycles R
q
(nm)a Ra (nm) b R.nax (nm)c AS (%)
d
0 0.1 0.1 1.1 0
6 4.9 2.1 39.0 3
12 9.5 7.5 59.1 19
16 13.3 10.7 82.0 22
20 13.4 10.9 80.9 24
25 11.4 9.2 69.8 18
28 10.8 8.7 61.9 11
a
root mean square roughness. Wan roughness. °peak-to-valley distance. d% surface
area increase.
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Figure 3.22. Tapping mode AFM images (1 |um x 1 jam) for the controlled growth of
SiC>2 from 96TRIS with 6 SiC^/H^O reaction cycles. Top: plane view of height image;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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Figure 3.23. Tapping mode AFM images (1 \im x 1 ^m) for the controlled growth of
S1O2 from 96TRIS with 12 S1CI4/H2O reaction cycles. Top: plane view of height image;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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Figure 3.24. Tapping mode AFM images (1 um x 1 um) for the controlled growth of
Si02 from
96TRIS with 25 SiCl4/H20 reaction cycles. Top: plane view of height image;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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Figure 3.25. Tapping mode AFM images (1 urn x 1 jam) for the controlled growth of
Si02 from
96TRIS with 28 SiCVFbO reaction cycles. Top: plane view of height image;
middle: cross section analysis (H and R are vertical and horizontal distances between
the arrows); bottom: 3D image.
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Contact angle and XPS were employed to follow the evolution of the surface
topography chemically, and the results are summarized in Table 3.5. The TRIS surfaces
vary in wettability with 60TRIS, 81TRIS and 96TRIS exhibiting water contact angles of
eA/6R = 68757°, 86771° and 102790°, respectively. All are hydrophobic and water
drops slide relatively easily on them due to their low hysteresis.48 The differences in
their contact angles is due to the relative amounts of trisTMS and silanol groups that the
probe fluid assesses (they have been named "60, 81 and 96" due to the percentage of
trisTMS assessed as calculated by the Israelachivili equation). As silica is grown on
these surfaces using sequential SiCl4/water reactions, both the chemical composition
and the topography change. Contact angle hysteresis (9A-0R) originates from
heterogeneity (0A reflects the low-energy trisTMS domains, and 0R is affected by the
high-energy silanol groups) and roughness (generated by the deposition of Si02). The
decease in 0A with the increase in Si02 growth indicates that some of the trisTMS
groups may become covered by the growing Si02 , rendering them undetectable by
water. Hydrophilic (clean silica exhibits water contact angle of 9A/0R = 070°) silica
fills the hydrophilic nanoholes and covers the hydrophobic trisTMS groups, giving rise
to hydrophilic islands of varying height in a sea of hydrophobic trisTMS groups. The
surfaces are binary composites with elevated hydrophilic and depressed hydrophobic
regions. This will confound any analysis using classical wettability equations for
composition or roughness, so no analysis of this sort was carried out. Figure 3.26 shows
the contact angle changes (advancing and receding) for all three TRIS surfaces. These
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data reflect what is seen in the AFM images and all surfaces become more hydrophilic
with increasing Si02 coverage. Water spreads (completely wets - 9A = 0°) 60TRIS,
81
TRIS and 96TRIS surfaces after 5, 12 and 28 reaction cycles, respectively. After these
numbers of sequential reactions, no trisTMS groups are accessible to the probe fluid
indicating that the nanoclusters are completely impinged on each other giving pure silica
surfaces. It should be pointed out that there are precipitous decreases in 0A on all
surfaces in the late stages of the deposition. 6A decreases from 44°, 5
1
0
and 49° to 0°
on going from 4 to 5, 1 0 to 12, and 25 to 28 reaction cycles for 60TRIS, 8ITRIS and
96
TRIS, respectively. Small amounts of residual trisTMS groups can dramatically
decrease wettability as predicted by the Israelachvili equation.
Few changes occur in XPS spectra upon SiCl4/water reactions because there is
little compositional change: native silicon dioxide is indistinguishable from nascent
Si02 and silica is always contaminated with some carbon impurities so the carbon in the
trisTMS groups is not easily characterized. To follow the deposition, the surface
silanols were labeled with a fluorinated monochlorosilane, tridecafluoro-1,1,2,2-
tetrahydrooctydimethylchlorosilane (FDCS). This allows the monitoring of silanol
concentration, and thus silica surface area by following the fluorine atomic
concentration by XPS. Scheme 3.3 describes the surface labeling reaction.
1
CH
OH + Cl-ii-CH2CH2C6F 13
CH?
HCl i
CH
0-^-CH2CH2C6F 13
CH,
Scheme 3.3. Labeling of surface silanols with FDCS
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TOS
—
C^^ d™^°" <*—* growth of Si02 from
number of
cycles Si(V
eA/eR (°)
FDCS b
XPS
Si
atomic concentration (%)'
C o
60
TRIS surfaces
0 68/57 105/92 35.42 15.78 39.62 9.18
1 60/45 111/91 32.92 16.69 35.34 10.06
2 58/30 113/90 34.78 13.19 40.66 11.37
3 56/16 124/90 35.09 11.90 40.18 12.83
4 44/10 120/94 29.19 16.69 41.10 13.02
5 _d 128/96 28.80 13.28 44.62 13.30
81
TRIS surfaces
0 86/71 104/90 37.35 16.18 42.25 4.22
1 79/62 106/95 36.38 19.05 38.92 5.65
2 75/54 108/91 30.34 15.77 47.57 6.32
4 72/43 112/90 28.79 16.67 46.34 8.20
6 68/36 116/89 30.06 18.89 40.91 10.14
8 62/25 123/89 33.87 19.29 34.52 12.32
10 51/10 130/88 26.67 17.36 41.13 14.84
12 _d 124/89 29.58 12.61 42.78 15.03
96
TRIS
0 102/90 101/93 44.69 14.21 39.76 1.34
6 99/83 108/91 44.55 18.27 35.17 2.01
12 100/73 127/80 30.37 17.24 44.49 7.90
16 95/48 128/79 28.29 14.83 47.24 9.64
20 65/8 135/81 30.25 18.42 40.07 11.26
25 49/7 130/91 34.56 12.47 38.69 14.28
28 128/88 30.26 16.94 37.45 15.35
a
water contact angle after cycled growth.
b
water contact angle after modification of the
newly grown Si02 with FDCS.
CXPS 75° take off data. dwater spreads.
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Figure 3.26. Water contact angle data for 60TRIS (6A-A, 0R-A),
8I
TRIS (9A-#, 0R-O),
TRIS (QA-M, 0r-D) as a function of the number of SiCl4/water reaction cycles.
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The reaction was carried out in the vapor phase at 68 °C for 24 h, conditions that give
complete coverage of the Si02 surface by perfluoroalkyl groups. The resulting surface
is interesting in that it is a quasi two dimensional composite of trisTMS and
perfluoroalkyl groups, with the FDCS domain varying in height at the nanoscale. Figure
3.27 shows surface fluorine concentration for samples of all three TRIS surfaces
modified with SiCl4/water and subsequently labeled with FDCS versus the number of
reaction cycles. Spectra were recorded at a 75° takeoff angle (rather than a shallower,
more surface selective angle) to minimize shadowing by the elevated silica islands.
Reacted 60TRIS, 81TRIS and 96TRIS exhibit fluorine atomic concentrations of 9.2%,
4.2% and 1
.3%; this trend is expected as the nanoholes decrease in size and number in
this progression. Fluorine atomic concentration increases for all 3 surfaces with the
number of reaction cycles as the percentage of silica on the surface increases and more
fluorinated label is incorporated. The increase in fluorine concentration is rapid during
the initial growth stage, and it levels as the silica nanoclusters impinge and only silanols
are present on the surface. Although surface roughness starts to decrease after Si02
clusters begin to aggregate, the fluorine content still increases to some extent. This is
probably the result of trisTMS groups being covered by the newly grown Si02 , which is
subsequently hydrophobized by FDCS. At the final stage of growth when water spread
on these composite surfaces, subsequent modification with FDCS gives slightly
different amounts of fluorine as detected by XPS, changing from 13.30% on 60TRIS to
15.03% on 81TRIS and 15.35% on 96TRIS.
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number of cycles
Figure 3.27. XPS fluorine concentration on TRIS/Si02/FDCS composite surfaces
versus the number of SiCl4/water reaction cycles: 60TRIS-A, 8ITRIS-#, 96TR1S-B.
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number of cycles
Figure 3.28. Water contact angle data for TRIS/Si02/FDCS surfaces as a function of the
number of SiCl4/water reaction cycles: 60TRIS/SiO2/FDCS (0A-A 0R-A)81
TRIS/Si02/FDCS (9A-«, 0R-O), 96TRIS/Si02/FDCS (6A-B, 9R-D).
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Young's equation (Equation 3.1) describes an energy balance approach to the
three phase equilibrium.49
Equation 3.1:
ysv - 7si = Ylv cos 0
Ysv, Ysl and yLV are the interfacial free energy for the solid-vapor, solid-liquid and
liquid-vapor interfaces, and 0 is the equilibrium contact angle at the three-phase
junction. The assumption is that the solid surface is chemically homogeneous, rigid and
flat as well as that the solid is not perturbed by adsorption or by a chemical interaction
with the wetting liquid. Wenzel's equation50 predicts that surface roughness not only
enhances the hydrophilicity of hydrophilic surfaces but also enhances the
hydrophobic^ of hydrophobic ones. The question arises how far nanometer-scale
surface topography controls the contact angle and its hysteresis. Again this is a complex
mixed surface (silicone/fluoroalkyl) with a topography-dependent composition, so using
equations to quantify roughness or surface composition based on contact angle data is
not a sensible endeavor. The water contact angle data are presented in Figure 3.28 for
all of the surfaces described in Figure 3.27. The general trend is that with increasing
surface roughness, the advancing contact angle and the hysteresis increase. The
receding angles change very little and the data are somewhat scattered.
The trisTMS groups used to template the growth of SiC>2 can be easily removed
by oxidation using a mixture of^SO^C^/T^C^Oy. This gives hydrophilic silica
surfaces with varying nanoscale roughness. All of these surfaces are completely wet by
water and other probe fluids, so roughness differences cannot be assessed by contact
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angle. We have modified several of these surfaces with FDCS to prepare one-
component rough hydrophobic surfaces for contact angle analysis. Tabic 3.6 shows
contact angle data for four FDCS-modified surfaces with various degrees of roughness:
%
TRIS modified by treatment with 0, 6, 12, and 16 cycles of SiCl4/water. These
surfaces exhibit peak-to-valley distance values ranging from 1
. 1 to 82 nm and AS values
of 0-22% (the complete roughness data are summarized in Table 3.4). The %TRIS
surface with 12 growth cycles gives advancing and receding contact angle of 143 and 93
respectively. After 1 6 cycles, an advancing contact angle as high as 1 50 was obtained
while the receding angle remained around 90. Compared with the contact angle of
1 08/95 on flat FDCS surface, these results clearly demonstrate that a highly rough
surface was fabricated on
96
TRIS surfaces with the controlled growth of Si02 . These
results clearly demonstrate the significance of surface features on the nanometer scale in
wettability. The insensitivity of receding contact angles to surface roughness is quite
unexpected. A recent study of the impact of nanometer-scale roughness on wettability51
discovered similar behavior. Epitaxial growth of germanium on Si(100) was used to
realize different densities of nanopyramides of identical shape, with the Wenzel's
roughness ratio varying between 1 .000 and 1 . 1 1 3 (the mean square roughness varies in
a similar range as those described in our study). Advancing contact angles of water
monotonically increase from the flat substrates to substrates with the maximum pyramid
density, whereby the receding contact angles remain constant. Their surfaces, however,
were hydrophilic rather than hydrophobic. Contact angle hysteresis can be partially
explained by the barrier effect, which gives rise to a symmetric hysteresis. That is, ()A
increases by the same amount as 0R decreases, with growing surface roughness. The
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capillary effect, however, leads to a contact angle reduction.« Research in the
McCarthy groups emphasizes that the topography of the roughness is important and will
control the continuity of the three-phase contact line and thus the hysteresis. 53 Wenzel's
roughness (Rw) values can be calculated using the advancing contact angle data and the
equation, Rw = coserough / cos9smoo„„ and these are shown in Table 3.6. Wenzel's
roughness is the actual surface area (contour) divided by the projected (2D) surface area,
which should be the same measure as AS which is determined from AFM. The AS
value for the roughest surface is only 22% (R„= 1
.22), yet the Rw value determined from
contact angle is 2.8. This indicates that AS values greatly underestimate the roughness
that affects wettability. We have reported that molecular scale topography influences
wettability. 53
Table 3.6. Roughness effect on wettability (perfluoroalkyl surfaces),
Rq(nm) a eA Or AS (%) b Rwc
0.1 108 95 0 1
4.9 118 92 3 1.52
9.5 143 93 19 2.59
13.3 150 90 22 2.80
'root mean square roughness. b% surface area increase. 'Wenzel's roughness.
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Conclusion
The controlled growth of silicon dioxide nanoclusters from trisTMSCl-modified
silicon wafers was carried out by sequential exposure of the substrate to SiCL, vapor and
atmosphere (water). Surfaces with different topographies and wettabilities
prepared by controlling the surface density of trisTMS groups (by reaction kinetics) and
the number of SiCl4/water sequential reactions. Chemisorption ofFDCS on the newly
grown silica clusters resulted in binary mixed surfaces with one component varying in
height from 10 to 80 nm. Chemical etching effectively removed the organic residues,
resulting in hydrophilic rough silica surfaces. Further modification with FDCS
indicated the surface wettability can be controlled by nanoscale roughness.
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CHAPTER 4
CONTROLLED GROWTH OF SILICON DIOXIDE FROM ASYMMETRIC
DIBLOCK COPOLYMER TEMPLATE
Introduction
There is growing interest in the development of lithographic methods to pattern
inorganic materials at the nanometer length scale for use in electronic, optical and
chemical devices. Block copolymers offer many opportunities in this area as they can
self-assemble into a variety of nanoscale morphologies as the result of immiscibility
between the two components. When two dissimilar polymers are mixed together, they
tend to phase separate due to nonfavorable segmental interactions and low entropic
gains on mixing. On the other hand, block copolymers, comprised of two chemically
distinct chains jointed together, can only phase separate into ordered morphologies with
a size scale limited to molecular dimensions. This is defined as microphase separation.
The characteristics of the microphase-separated structures are governed by the total
molecular weight of the copolymer and the volume fraction of the components
comprising the copolymer. Morphologies range from spheres, cylinders or lamellae
depending on the volume fraction of the components. The molecular weight dicates the
size of the domains, typically ranging from the nanometer to tens of nanometers. 1
Periodic, well-organized microdomain morphologies form spontaneously in the bulk
and in thin films. These naturally occurring arrays of nanoscopic structures provide a
unique opportunity for producing functional nanoscopic materials. Furthermore, each
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block of the copolymer can be chosen for a specific application, and selective
processing of one block relative to the other is possible by the use of chemical or
physical dissimilarities between the two blocks.
There has been considerable attention given to the fabrication of nanostructured
materials using block copolymers as the template. Liu et al. 2 synthesized poly(terf-butyl
acrylate)-6/oc£-poly(2-cinnamoylethyl methacrylate) (P/BA-6-PCEMA), which self-
assembles to form a cylindrical morphology upon annealing. Porous thin films of the
diblock copolymer were obtained by the hydrolysis of the tert-bnty\ groups of P/BA and
cross linking of the PCEMA domain. Such nanochannels were used as templates for the
impregnation of semiconductor or magnetic materials. Figure 4.1 illustrates the
molecular structure of the diblock copolymer.
CH
CH2-CB €H2—C-
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COOC(CH3)3
P/BA-b-PCEMA
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Figure 4. 1
.
Molecular structure of P/BA-6-PCEMA diblock copolymer.
The phase separation properties of diblock copolymers were also employed for
the preparation of nanocages, which rely upon micellization of diblock copolymers into
spherical particles of core-shell morphology, followed by network formation selectively
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throughout the shell layer, and then degradation and extraction of the eore material to
leave the membrane-like shell as the hollow nanoeage product. 3 These hollow-sphere
structures have great potential for encapsulation of large quantities of guest molecules
large-sized guests within the "empty" core domain (Figure 4.2).
or
sec-Bu
PI-6-PAA
PI PAA
self-assembly in
aqueous solution
H2N
ozonolysis
to degrade
the PI core
polymer micelle
NH- shell crosslinking
nanoeage
SCK
Figure 4.2. Schematic procedure for the formation of a hollow nanoeage starting from
poly(isoprene-Z>-acrylic acid) and using self-assembly of the amphiphilic block
copolymers to generate the shell cross-linked micelle template, followed by oxidative
cleavage of the core. 3
Park et al.
4
have reported a nanolithography method using diblock copolymer
thin films as the template. The spin-coated block copolymer of poly(styrene-/>-
butadiene) (PS-PB) forms well-ordered spherical or cylindrical microdomains, and the
microdomain patterns were transferred directly to the underlying silicon nitride layer by
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Figure 4.3. (A) Schematic cross-sectional view of a nanolithography template
consisting of a uniform monolayer of PB spherical microdomains on silicon nitride. (B)
Schematic of the processing flow when an ozonated copolymer film is used, which
produces holes in silicon nitride. (C) Schematic of the processing flow when an
osmium-stained copolymer film is used, which produces dots in silicon nitride. 4
161
two complementary techniques that resulted in opposite tones of the patterns (Figure
4.3). This method overcomes the limitation associated with electron beam lithography
and the fabrication of features with high aspect ratios is possible.
The prerequisite for the use of copolymers is control over the orientation of the
microdomains. The ordering of block copolymer thin films is well understood in terms
of the specific interaction of the blocks with air and substrate interfaces and the
commensurability between the film thickness and the period of the copolymer
morphology in the bulk. It is known that the surface and interfacial energy differences
between the blocks of the copolymer forces lamella to orient parallel to the substrate
surface. This parallel alignment initiates at the interface and propogates through the
entire film. As a result, the film thickness is quantized to nL0 (where n is an integer), if
the same block is located at both interfaces (symmetric wetting), or (n + V2) L0 , if
different blocks are preferentially located at the interfaces (asymmetric wetting). If the
initial film thickness is not commensurate with the quantized thickness, either islands or
holes of height L0 are formed to satisfy this constraint. 5 The Russell group has been
focused on the ordering of block copolymer thin films that are supported on silicon
wafer substrates so that the microdomains orient normal to the surface. The block
copolymer relevant to current the study is composed of polystyrene (PS) and
poly(methylmethacrylate) (PMMA), abbreviated as P(S-6-MMA). Three approaches
are used to this end. In thin films, random copolymers of styrene and
methylmethacrylate prepared by a living free radical polymerization with a terminal
hydroxyl group were anchored to a silicon oxide substrate. When the composition of
the anchored random copolymer reaches a specific value (styrene fraction of 0.6), the
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interaction of PS and PMMA with this surface is balanced, leading to the normal
orientation of the cylindrical morphology.' In a second approach, electric fields
used to orient the cylindrical microdomains parallel to the field lines. 7 8 This approach
relies on the orientation-dependent polarization energy induced when an anisotropic
body is placed in an electric field. An anisotropic microphase structure will orient such
that the interfaces between the two blocks are aligned parallel to the electric field.
Surface passivation to remove the oxide layer on silicon substrates using hydrofluoric
acid (HF) is yet another method that can be used to induce normal orientation. 9 The
ordered cylindrical microdomains of a copolymer film can then be used to generate an
array of ordered nanoscopic pores with well-controlled size, orientation and structure.
This can be achieved by exposure of ordered PS-6-PMMA film to deep UV irradiation,
which leads to degradation of the PMMA block and the cross-linking of the PS matrix.
The degraded products from PMMA can then be rinsed away, leaving a porous film that
retains the original structural integrity.
10
Such ordered, oriented arrays can be used as
separation media, as scaffolds on which to grow inorganic structures, or as a template
for transfer into the substrate. With a conducting substrate, the film can be placed in an
electrochemical bath and metal can easily be deposited within the scaffold defined by
the porous film. This has been done with cobalt, a magnetic material, forming an
ordered array of magnetic nanowires in the film. 1
1
In the previous chapter, the utilization of monolayer templates for the synthesis
of random silicon dioxide nanoclusters on silicon substrates was addressed. In this
chapter, controlled growth of silicon oxide from the ordered nanoporous PS templates is
described.
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Experimental
Surfaces with balanced mterfacial interactions to PS and PMMA were prepared
in two different ways. The first approach involves the anchoring of an alcohol end-
runctionalized random copolymer of PS and PMMA, denoted P(S-r-MMA), which
synthesized in bulk via a TEMPO "living" free radical polymerization.' 2 The resulting
copolymer has a styrene fraction of 0.6. The molecular weight was determined to be
Mw=9,600 with Mw/Mn=l .80 by size exclusion chromatography. The random
copolymer was anchored on the silicon wafer surfaces by annealing spin coated films
under vacuum at 160 °C for 3 days. This allows the alcohol end group to diffuse and
adsorb to the oxide surface. After rinsing with toluene, a well-defined, brush layer of
P(S-r-MMA) having a thickness of ~6 nm remained. Previous studies show this surface
to have balanced interactions with PS and PMMA. 6,13 In the second approach, silicon
wafer substrates were passivated by dipping into an aqueous solution of hydrofluoric
acid (5%) for ~2 min, and subsequently rinsed with de-ionized water for 30 sec to
hydrogen passivate the surface. Block copolymer was immediately spun-cast on the
treated substrates.
Asymmetric block copolymers of styrene and methyl methacrylate with a styrene
volume fraction of 0.70 were synthesized by anionic polymerization. The molecular
weights of the copolymers used in this study, with the polydispersities shown in
parantheses, are 73 K (PDI = 1.06) and 109 K (PDI = 1.06). Residual PS homopolymer
was removed by Soxhlet extraction with cyclohexane. The block copolymer was
observed to form an ordered, hexagonally close-packed array ofPMMA cylinders in a
PS matrix with a lattice periods of 39 nm and 45 nm, respectively.6
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Thin films were prepared by spin casting 1% (w/v) toluene solutions of the block
copolymer onto surfaces to which the random copolymer was anchored. Film thickness
values of
-30 nm were measured with a Rudolph Research AutoEL®-II ellipsometer
using a helium-neon laser (X= 632.8 nm) at a 70° incidence angle. The samples were
annealed at 1 70 °C under vacuum for two days and then quenched to room temperature
by placing the samples in contact with a thick aluminum plate. UV exposure of the
diblock copolymer films followed by acetic acid rinsing produces an ordered,
nanoporous film. 10 Residual random copolymer at the base of the pores was removed
by CF4RIE (25 W, 35 sec).
To apply an electric field, a block copolymer spin coated onto a silicon wafer
was sandwiched between two 12.7 urn thick Kapton sheets that were coated on one side
with 100 nm aluminum that served as the electrodes. Here, a thin layer of crosslinked
PDMS (Dow, SYLGARD 1 84) was coated on the Kapton surface of the upper electrode
to help remove the air between the upper electrode and block copolymer film. A
voltage of ~1 800 V was applied for overnight at 1 80 °C under a nitrogen atmosphere.
After cooling the samples to room temperature under the applied field, the voltage was
removed and the upper electrode was peeled away. The PDMS layer was removed by
rinsing with hexane. This left a P(S-A-MMA) film with a smooth surface with the
cylindrical microdomains oriented normal to the surface.9
Si02 was grown within the nanoporous scaffold by sequential exposure of the
substrates to SiCl4 vapor and atomosphere (water). Detailed experimental descriptions
can be found in the experimental section of the previous chapter. The templates were
dried under vacuum for 2 h at room temperature before the reaction. SiCl 4 was cooled
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to
-23 °C and its vapor was transferred to the reaction vessel containing a silicon
substrate covered with the copolymer templates. The reaction was performed at 25 °C
and 50 mmHg. After the reaction, the crosslinked PS matrix was removed by RIE with
CF4 or 02 .
AFM images were obtained in both height and phase contrast mode using a
Digital Instruments Dimension™ 3000 scanning force microscope in the tapping mode.
Etched silicon tips on a cantilever (Nanoprobe™) with spring constants ranging
between 40.0 and 66.0 N/m (as specified by the manufacturer) were used. Field
emission scanning electron microscopy (FESEM) was performed with a JEOL-JSM
6320FXV. X-ray photoelectron spectra (XPS) were recorded with a Perkin-Elmer
Physical Electronics 5100 with Mg K« excitation (400W). Spectra were obtained at
varying takeoff angles ranging from 15° to 75°(between the plane of the surface and the
entrance lens of the detector optics). Contact angle measurements were made with a
Rame-Hart telescopic goniometer and a Gilmont syringe with a 24-gauge flat-tipped
needle. The probe fluids used were water and hexadecane. Dynamic advancing (0A)
and receding angles (9R) were recorded while the probe fluid was added to and
withdrawn from the drop, respectively. Ellipsometry was performed using a Rudolph
Research AutoEL-II automatic ellipsometer. The light source was a He-Ne laser (X =
6328 A), the incident angle was 70.0°, and the compensator was set at -45°. The fit of
tan<j) and cosA allows calculation of thickness using daflBM software.
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Results and Discussion
Asymmetric P(S-b-MMA) diblock copolymers, with a PS volume fraction of
0.7, self-assemble into hexagonally ordered cylindrical morphologies. Three techniques
are applicable for aligning such ordered structures normal to the substrate surface.
Anchored P(S-r-MMA) random copolymer and surface passivation with aqueous HF
can be used to orient relatively thin films (-30 nm), while the e-field approach is
suitable for much thicker films (micrometer range). In each case, the removal of
PMMA domains can be achieved by deep ultraviolet exposure (25 J/cm2) followed by
acetic acid rinsing although the thicker films require longer exposure time. This
approach is based on the significantly different photodegradation properties ofPMMA
and PS. Under the conditions employed here, PMMA is degraded by chain scission and
the PS matrix becomes lightly crosslinked. Chain scission at the junction point of the
two blocks of the copolymer is also necessary to affect complete removal of the PMMA
block.
10
In order to grow Si02 within the pores, the silicon substrate should be exposed.
The passivated surface readily regenerates an oxide layer underneath the template, and
the electric field alignment is performed directly on silicon oxide surfaces; therefore, the
oxide layer is exposed upon removal ofPMMA blocks. This study focuses mainly on
the neutral brush approach, and the thin polymer layer underneath the template has to be
removed selectively in order to grow Si02 directly from silicon wafer substrates. The
template was exposed to CF4 RIE for 35 sec, and was subsequently analyzed by angle-
dependant XPS. The results are summarized in Table 4. 1 . It is evident that RIE with
CF4 as the etchant introduced a certain amount of unknown fluorinated species, and with
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an increase in takeoff angle, its re,ative concentration varies only to a small extent. The
CF4 RIE clearly etches both the PS template and the neutral brush layer, but of different
rates since UV irradiation causes a light crosslinking of PS matrix. Their relative height
difference also facilitates the removal of the random copolymer. Prolonged exposure,
however, can lead to the destruction of the ordered structure. The takeoff angle-
dependence of silicon concentration suggests that the neutral brush is effectively
removed. At lower takeoff angle, photoelectrons originating from the silicon substrate
cannot be detected due to the shadowing effect of the PS matrix walls. With higher
takeoff angle, the photoelectrons originating from the holes are effectively detected.
The uneven increase in silicon concentration confirms the presence of the porous
structure. Contrary to previous findings," the nanoporous substrate thus obtained is
hydrophilic as indicated by very low water contact angle. The presence of 30%
nanoholes with silicon dioxide at the base dramatically lowers the water contact angle.
Table 4. 1
.
Angle-dependant XPS of the PS template after 35 sec RIE with CF4 .
takeoff angle atomic concentration (%)
(°)
Si C O F
15 0.00 65.84 16.97 17.19
30 0.72 68.22 13.78 17.28
45 3.34 62.37 17.50 16.79
60 6.04 61.20 15.92 16.84
75 6.58 60.15 17.64 15.62
Here, arrays of nanopores oriented normal to the surfaces produced from
asymmetric P(S-6-MMA) diblock copolymers were used as a scaffold defining an
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ordered array of nanoscopic reaction vessels. Nanoscopic posts of silicon dioxide
(SiG2) on silicon wafers were produced within the pores defined by this crosslinked PS
scaffolding. Reactive ion etching (RIE) was used to remove the organic matrix, leaving
free-standing silicon oxide posts on a silicon oxide substrate. A schematic diagram of
the procedure used to prepare nanoscopic Si02 posts in this study is shown in Figure
4.4.
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Figure 4.4. Schematic diagram of the procedures for the generation of Si02 nanoposts.
The complete filling of the nanopores by Si02 is an idealized situation.
An initial study was performed on diblock copolymers with a molecular weight
of 73 K due to its well-defined morphology. Figure 4.5 shows the AFM images of an
ordered diblock copolymer film on the random copolymer brush. The height difference
between PS and PMMA domains is small. The phase image shows a patterned
morphology more clearly. The brighter and darker areas in the image show the PMMA
cylinders in a PS matrix, respectively. As can be seen, the hexagonally-packed,
cylindrical PMMA domains are oriented normal to the surface. The diameter ofPMMA
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cylinders is
-20 nm and the center-to-center spacing between the cylinders is -39 nn,
Evident in the image are grains of the hexagonally packed cylinders with an average size
of several microns. The inset in Flgure 4.5 shows the 2D Fast Fourier Transform (FFT)
of the image. A ring is observed with a peak position characteristic of the intercylinder
separation distance. The granularity of the FFT, however, indicates that the number of
grains is finite. The AFM images of the diblock copolymer surface after UV exposure
and acetic acid rinsing are shown in Figure 4.6. The darker areas in both height and
phase images correspond to pores in the PS matrix. Noteworthy is the observation that
the initial structure of the copolymer has been preserved.
We chose chemical vapor depositon to grow Si02 from the ordered array of
nanopores. As mentioned in the previous chapter, in order to generate nanostuctures
using the template method, it is critical that the template remain intact during the filling
process. Vapor phase deposition eliminates the possibility of matrix swelling or
deformation by solvent. Furthermore, the reaction media must be able to penetrate into
the pores, which is not trivial. 1
1
It has been demonstrated in the previous chapter that
Si02 can be nucleated from surface silanols and continues to grow in a controlled
fashion by applying a sequential reaction scheme. No catalyst or elevated temperature is
necessary. Therefore, it is an ideal candidate for the current study. SiCl4 is hydrolyzed
by trace amounts of water adsorbed in the nanopores and condenses with silanol groups
on the oxide surface at the base of the nanopores. Since the reaction is restricted to the
volume defined by the nanopores, the Si02 fills the pores in the form of solid Si02
cylinders. Figure 4.7 shows AFM images of the template surface after the Si02 growth
reaction. The images on the the top and bottom of the figure are the height and phase
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2 range 5.00 de
Figure 4.5. AFM height (left) and phase (right) images of P(S-^-MMA) ordered on the
anchored random copolymer brush. Inset is a 2D FFT of the image. Scan size: 2 urn x
2 urn.
0 2.00 MM 0 2.00 MM
Data type Height Data type Phase
Z rang* 15.0 n» 2 range 35.0 de
Figure 4.6. AFM height (left) and phase (right) images of the PS template after
selective removal ofPMMA domains. Scan size: 2 urn x 2 um.
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images, respectively. The height image shows that, after the reaction, the surface is still
smooth, suggesting that the nanopores are filled with SiO, The brighter areas in the
phase image are characteristic of the harder material, which confirm that Si02 is
preferentially located in the nanopores.
After RIE of the sample with CF4 , the height and phase images, shown in Figure
4.8, were obtained. Due to the difference in etching rates between Si02 and PS, CF4
RIE removes the crosslinked PS matrix initially. The height image of the surface after
RIE clearly shows an array of Si02 posts oriented normal to the substrate. The phase
image shows that the surface is chemically homogeneous. The Si02 posts show the
same order as the initial diblock copolymer. The hexagonally close-packed array of
Si02 posts demonstrates that Si02 growth was restricted to the nanopores. In the
specific case shown where we have Si02 posts (~6 nm in height with a diameter of -20
nm) that are hexagonally close-packed, an increase in the surface area can be calculated.
For the example shown, the posts resemble more hemi-spherical caps that are
hexagonally close-packed. Geometrically, the surface area should increase by ~5 %
over that of smooth surface. Analysis of the AFM image shows that the surface area has
increased by ~7 % in comparison to a smooth surface. For perfect, right-angle 6 nm-
diameter cylindrical posts, (the maximum increase in surface area possible) a surface
area increase of ~27 % would be expected.
FESEM images of a surface having an array of ~6 nm high Si02 posts (-20 nm
in diameter) are shown in Figure 4.9. As can be seen, the posts are well defined and
have retained the order present in the initial copolymer template. Some irregularities in
the posts are evident that arise from defects in the copolymer template.
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Figure 4.7. AFM height images of surfaces after Si02 growth. Scan size: 1 urn x 1 um.
Top: height image, z range: 10 nm; Bottom: phase image, z range: 15°.
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MM
Figure 4.8. Tapping mode AFM images of surfaces after CF4 RIE. Scan size: l^imxl
um. (a). Height image, z range: 15 nm; (b). Phase image, z range: 3°.
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Figure 4.9. FESEM image of Si02 nanoposts at different magnifications.
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Surfaces thus obtained are rough at the nanometer length scale. As discussed in
the previous chapter, the presence of silicon dioxide nanoposts distributed randomly
across the surface has a profound effect on the surface wettability. The chemical
modification of nanopost-covered surfaces with (tridecafluoro-l,l,2,2,-tetra hydrooctyl)
dimethyl chlorosilane (FDCS) led to hydrophobic rough surfaces. Our results indicate
that with the increase in surface roughness, the advancing water contact angle increases
dramatically while the receding contact angle stays relatively unchanged. The ordered
Si02 nanoposts obtained here were treated with FDCS under the same conditions, and
the contact angle and XPS data are summarized in Table 4.2. The advancing and
receding contact angles for water and hexadecane were measured to be 123785° and
59732°, respectively. In comparison, if the surface was flat, contact angles of 108798°
and 58753° are found for water and hexadecane, respectively. As seen, the surfaces
covered with nanoposts show a much greater hysteresis for both fluids. This result is in
good agreement with results described in the previous chapter. It is therefore concluded
that nanometer scale roughness can affect surface wettability, and whether the surface
structure is ordered or random doesn't seem to affect wetting properties differently.
Table 4.2. Contact angle and XPS data for Si02 nanoposts modified with FDCS.
contact angle (°)
a
atomic concentration (%)
b
water hexadecane Si C 0 F
123 59 16.11 31.03 23.99 28.87
85 23 27.26 16.95 37.45 18.35
a
upper rows are advancing contact angles and lower rows are receding contact anlges
upper row is 15 0 takeoff angle, and lower row are 75 0 takeoff angle data.
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Since the domain spacing in block copolymers (L0) scales with the number-
average degree of polymerization (N) in a known manner (L0 ~ N» where u is 2/3 in the
strong segregation regime), it is easy, in principle, to design copolymer systems that
exhibit microdomain spacings at any desired length scale. With an increase in
molecular weight, an increase in the domain size and an increase in the center-to-center
distance between the cylindrical domains are observed. As a parallel study, block
copolymers of a higher molecular weight (Mw = 109 K) were utilized to generate
ordered nanoporous templates (oriented by surface passivation). The diameter of
PMMA cylinders is -34 nm, and the center-to-center spacing between the cylinders of i
-45 nm. Figure 4.10 is the AFM height image for the P(S-i-MMA) generated on
passivated surfaces. Figure 4.1 1 shows the AFM height image of PS template after
selective removal of the PMMA blocks. Figure 4.12 shows the AFM height image and
FESEM image for Si02 nanoposts generated on such templates. The PS template was
removed by 02 RIE for 35 sec. It can be seen that the ordering is not as good as that
obtained from P(S-b-MMA) with a molecular weight of 73 K. It is known that the
lateral ordering of the microdomains degrades with increasing molecular weight. The
orientation of the microdomains normal to the surface requires coordinated motions of
many chains, and this diffusive process becomes progressively slower with increasing
molecular weight. Therefore, the films are trapped in a non-equilibrium state, which is
reflected by poor ordering. However, local ordering is still present.
It should be pointed out that the generation of ordered SiC>2 nanoposts is not
trivial. Several experimental parameters that are critical for the structural
transformation need to be well controlled. First, the exact functional groups introduced
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Figure 4.10. AFM height image ofP(S-A-MMA) film generated on passivated silicon
surface using P(S-A-MMA) with Mw of 109 K. Scan size: 2 um x 2 urn.
Data type
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Height
18.0 HM
2.00 mm
Figure 4.11. AFM height image of PS template generated on passivated surface using
P(S-^MMA) with Mw of 109 K. Scan size: 2\xm x 2 jam.
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Figure 4.12. AFM height image (top) and FESEM image (bottom) of Si02 nanoposts
generated from block copolymer templates with Mw of 109 K.
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to the PS matrix, both on the surfaee and the pore wall, are unknown. Oxidation by
deep UV irradiation eannot be ruled out, and surfaee hydroxyls would be expected to
reaet with SiCl4 to form alkoxysilyl groups. Further growth from the matrix rather than
from the nanopores can lead to disordered structures. Inspection of the Cls peak
(Figure 4.13) for a nanoporous PS template reveals the presence of a high binding
energy shoulder, possibly originating from some oxidized and fluorinated species on the
surface, in contrast to the symmetrical Cls peak for virgin PS. Second, since the surface
of PS was rendered hydrophilic, the amount of water absorbed inside the PS matrix is
another unknown parameter, although samples were dried overnight before the growth
process. It is likely that SiCl4 absorbed in the matrix and reacted with trace amounts of
water present, generating composite films rather than films with distinct Si02 and PS
phases. This undesirable reaction was more pronounced when thicker templates were
used. Finally, the ideal method for the selective removal of the PS template upon
completion of Si02 growth hasn't been found. Although extended CF4 RIE can remove
the PS template when thin films are used, it becomes ineffective when thicker films are
used. Therefore 02 RIE was used instead. Extended CF4 or 02 RIE obviously removes
Si02 as well. This limits the generation of Si02 posts with high aspect ratio.
Attempts to grow higher Si02 posts from thicker templates that were generated
by electric field alignment were not successful as evidenced by the loss of structural
order in the final product (Figure 4.14).
A control experiment was carried out with PS homopolymer. Films were spun-
cast on silicon wafer surfaces with a thickness of ~30 nm. They were subsequently
subjected to the same treatments that had been used to make the ordered nanoporous PS
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Figure 4.13. XPS high resolution Cls spectra (15° takeoff angle) for (a) spun-cast PS
and (b) PS template after UV and CF4 RIE.
template. Contact angle measurements on these surfaces using water as the probe fluid
gave advancing and receding contact angles of 90° and 54° as apposed to 94° and 70°
for the un-modified PS films. Upon exposure to SiCl4 vapor for 30 sec, the contact
angles decreased dramatically (0a/0r = 53719°). The XPS analysis for the control
samples are listed in Table 4.3. The presence of Si on the control sample prior to Si02
growth suggests that the silicon wafer substrate was exposed after the treatment. This is
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attributed to CF4 RIE that is necessary to remove the neutral brush layer. Exposure of
the substrate to SiCl4 vapor leads to an increase in silicon concentration, with the higher
percentage of increase at the lower takeoff angle. Therefore, Si02 growth from the PS
template cannot be ruled out.
Data type
Z range
Height
50.00 hm
2.00 UM
Figure 4. 14. Si02 posts grown from PS template generated by an e-field. Mw of P(S-b-
MMA) is 109 K, and the film thickness is 185 nm. Scan size: 2um x 2 urn.
Very recently, promising results were obtained by growing Si02 from
asymmetric PS-b-PEO templates. Figure 4.15 shows the FESEM image of ordered Si02
dot arrays. Although the mechanism for the block copolymer ordering is different, the
same procedure for vapor phase deposition of Si02 was applied.
Due to time constraints, further studies to affect better structural control have not
been carried out. The potential application for the ordered Si02 in nanotechnology
entails continued study in this direction. A defined chemical method to stabilize the
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matrix and remove the minor eomponen. is espeeia.ly desirable. A„erna,ive,y, a variety
of bloek eopolymer systems ean be used as iong as a para.iel ordered morphology ean be
obtained
Table 4.3. XPS results for PS homopolymer (eontrol experiment).
takeoff angle
Q
15
45
75
15
45
75
Si
atomic concentration (%)
C o
PS control before growth
2
-05 72.84
4-15 65.92
6.05 64.07
PS control after growth
12.30 48.03
10.62 49.57
9.99 51.48
18.33
21.22
22.06
35.50
34.01
32.26
6.78
8.35
7.82
4.16
5.79
6.27
Figure 4. 1 5. FESEM image of Si02 dot arrays on PS-6-PEO template
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Conclusion
A simple route for the generation of rough surfaces with well-defined surface
topography on the nanometer scale has been shown. Using oriented, thin films of
asymmetric diblock copolymers, nanoporous films were produced and each pore was
used as a nanoreactor to generate an array of silicon dioxide posts in an organic matrix.
The organic support matrix was selectively removed using RIE producing an ordered
array of silicon dioxide posts on a native oxide surface. The attempt to generate silicon
dioxide posts with high aspect ratio was not very successful due to the uncertainty of the
chemical functionalities on the template surfaces. Such roughened surfaces have
tremendous promise for sensor and on-chip separations applications.
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CHAPTER 5
PROTEIN ADSORPTION ON SURFACES WITH CONTROLLED
ROUGHNESS AT THE NANOMETER LENGTH SCALE
Introduction
The study of protein adsorption has attracted considerable attention during the
past decades. The adsorption of proteins to surfaces is particularly important in many
areas such as biocompatibility, biosensors, cell adhesion, bioseparation, filtration and
food processing. 1 A number of applications such as catheters, venous material implants,
or contact lenses require absolute non-adhesive properties.2 '3 On the other hand, for
implant applications such as bone, dental, skin, or tissue implants, an excellent adhesion
of selected proteins allows a better recovery of the biological function of the implants.4
The driving force for protein adsorption is complex. Enthalpic contributions to the
adsorption driving force may include van der Waals interactions, hydrophobic
interactions, and electrostatic interactions between oppositely charged surfaces and
proteins or protein domains. Entropically based mechanisms may involve the release of
counter ions and/or solvation water as well as the reduction of the amount of ordered
structure (e.g. ct-helix or P-sheet) due to adsorption-induced conformational changes. 5
There have been numerous reports that surface topography influences the
attachment and growth of biological cells and the general agreement is that micron-scale
topography is an important factor in microbial adhesion.
6
Since cell growth and
adhesion occur through protein-surface interactions, it is conceivable that nanometer
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scale topography should influence the adsorption of proteins. Using fluorescence and
atomie force microscopy, Cuppett et.al. 7 revealed that rhodamine-labeled lysozyme
adsorbs strongly from aqueous solution to polishing marks of nanometer depths on
fused silica surfaces; it was suggested that topography itself was a factor that affeeted
adsorption. Studies on the influence of surface roughness on the adsorption of collagen
show that while the adsorbed amount is only affected by the surface chemistry, the
supramolecular organization of the adsorbed layer is controlled both by surface
chemistry and topography. 8 '9 Recently, the examination of the underlying mechanisms
of increased osteoblast adhesion on nanophase ceramics (materials with grain sizes less
than 100 nm) revealed that these materials adsorbed significantly greater quantities of
vitronectin, which may have contributed to the enhanced adhesion of osteoblasts. The
enhancement was independent of surface chemistry and material, but was dependent on
surface topography. 10
In Chapter Three, the controlled growth of silicon dioxide (Si02) from
tris(trimethylsiloxy)chlorosilane (trisTMSCl) - modified silicon wafers by chemical
vapor deposition (CVD) using tetrachlorosilane (SiCl4) and water as precursors was
addressed. Surfaces with varying nanoscale roughness and wettability were fabricated
by manipulating the reaction kinetics. In the current Chapter, we discuss the adsorption
behaviors of albumin, lysozyme and collagen on these model surfaces, particularly the
adsorbed amount and discuss possible underlying mechanisms. The system was
characterized by contact angle, X-ray photoelectron spectroscopy, atomic force
microscopy and standard colorimetric assays.
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Experimental
Materials and Methods
All reagents were used as received. Ethanol, 2-propanol, toluene, chloroform (all
HPLC grade), concentrated sulfuric acid, hydrogen peroxide (30%) and sodium
dichromate were obtained from VWR Scientific. Carbon tetrachloride (anhydrous),
hexadecane (anhydrous) and o-xylene (HPLC) were purchased from Aldrich. Sodium
dodecylsulfate (99%) was purchased from J. T. Baker Chemical Co. Organosilanes
were obtained from Gelest. Albumin (bovine, essentially fatty acid free, A-6003),
lysozyme (from chicken egg white, L-6876) and collagen solution (type I, from calf
skin, 0.1% solution in 0.1N acetic acid, aseptically processed, C-8919) were purchased
from Sigma. Phosphate-buffered saline (PBS) tablets, micro BCA™ (bicinchoninic
acid) protein assay kits (#23235) were obtained from Pierce. House-purified water
(reverse osmosis) was further purified using a Millipore Milli-Q system that involves
reverse osmosis, ion exchange, and filtration steps (18 x 106 Qcm). Silicon wafers were
obtained from International Wafer Service (100 orientation, P/B doped, resistivity from
20 to 40 Qcm).
Contact angle measurements were made with a Rame-Hart telescopic
goniometer equipped with a Gilmont syringe and a 24-gauge flat-tipped needle. Water,
purified as described above, was used as the probe fluid. Advancing (0A ) and receding
(6R) contact angles were recorded while the probe fluid was added to and withdrawn
from the drop, respectively. Contact angles reported were an average of at least three
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measurements taken at different locations on the sample. X-ray photoelectron spectra
(XPS) were obtained on a Perkin-Elmer Physical Electrons 5 1 00 using Mg Ka
excitation (15 kV, 400 W). The pressure in the analysis chamber was less than 10 s torr.
Spectra were taken at a take-off angle of 75° (between the plane of the surface and the
entrance lens of the detector optics) at pass energies of 89.45 eV and 35.75 eV for
survey and C ls region respectively. Atomic Force Microscopy (AFM) measurements
were performed on a Dimension™ 3100 microscope system (Digital Instruments, Inc.).
Silicon cantilevers with a typical resonant frequency of 300 kHz and spring constants
ranging between 40 N/m and 66 N/m were used to acquire images in TappingMode at
room temperature in ambient conditions. The scanning rate was around 1 Hz.
"Flattening" was applied to the raw images before performing roughness analysis.
Images were captured on 1 um x 1 m area. Roughness analysis was averaged from
three random areas per sample. Film thickness was measured with a Rudolph Research
AutoEL-II automatic ellipsometer equipped with a helium-neon laser (X = 6328 A) at an
incidence angle of 70° (from the normal).
Chemical Modification of Silicon Dioxide
Silicon wafers were cut into 1 .5 cm x 1.5 cm pieces and were submerged in a
freshly prepared mixture of 7 parts concentrated sulfuric acid containing dissolved
sodium dichromate (-3-5 wt%) and 3 parts 30% hydrogen peroxide. Plates were
exposed to the solution overnight, rinsed with copious amounts of water and placed in a
clean oven at 120 °C for 1 h. Template-assisted chemical vapor deposition was used to
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create model surfaces with controlled topographical features. To this end, silicon
dioxide (Si02) was grown from trisTMSCl-modified silicon wafers using
tetrachlorosilanc (SiCU) and water as precursors according to a described procedure
(Chapter 3). Upon completion of the growth process, substrates were subjected to the
cleaning solution and dried as described above to obtain pure silica surfaces with the
desired nanoscale roughness for the protein adsorption study. Self-assembled
monolayers of «-octadecyltrichlorosilane (OTS) on silica surfaces were made by
immersing the freshly cleaned and dried samples in 20 ml of mixed solvents of 8 parts
of anhydrous hexadecane and 2 parts of anhydrous carbon tetrachloride containing 3 x
10" MOTS. The reaction was carried out at room temperature for one hour. Samples
were subsequently removed from the reaction media, sonicated in chloroform for 10
min, rinsed with chloroform, ethanol and water, and then dried in a clean oven at 120 °C
for 10-15 min.
Protein Adsorption.
Protein adsorption was carried out on two sets of model surfaces: hydrophilic
Si02 surfaces with varying roughness and hydrophobic OTS surfaces with the same
roughnesses. Protein solutions were freshly prepared by dissolving proteins or diluting
the corresponding solution with a phosphate-buffered saline (PBS) solution (0.0 1M, pH
7.4) to give a final concentration of 0.1 mg/mL for albumin and lysozyme, and 30
(ig/mL for collagen. Substrates were incubated in a PBS solution for 2 h prior to
adsorption. The adsorption experiments were carried out in a closed cell containing 3
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mL protein solution at 37 °C for 1 hr. Rinsing was accomplished by six successive
dilutions using a protein-free PBS solution without exposure of the samples to the air-
water interfaces. For XPS analysis, samples were subsequently rinsed with 4 * 10 mL
water to dissolve surface-adsorbed salt and were dried by flushing with a gentle nitroge,
flow for about 20 seconds before they were introduced to the XPS chamber. To
determine the total amount of protein adsorbed on the substrates, double-side polished
silicon wafers were used (samples were positioned perpendicularly during the chemical
modification process in order to ensure equal treatment of both sides) and the standard
UV-Vis Micro BCA™ (bicinchoninic acid) Protein Assay was performed. To remove
the irreversibly adsorbed protein from the surface, each sample was transferred to a vial
containing 2 ml of 1 .0 wt% sodium dodecylsulfate (SDS) PBS solution for 1 hr at room
temperature followed by 10-min sonication. A fresh set of protein standards were
prepared by diluting the BSA stock standard with the PBS solution. 1 mL of each
standard or unknown sample was then transferred to appropriately labeled test tubes. 1
mL of the diluent was used as the blank. After mixing these solutions with 1 mL of the
BCA working reagent, the test tubes were incubated at 60 °C for 1 hr. The absorbance
at 562 nm of each tube was measured vs. a water reference. The final absorbance was
obtained by substracting the average reading for the blanks (A = 0.132-0.140 for the
current experimental setups) from the 562 nm reading for each standard and unknown
sample. A standard working curve was prepared by plotting the average blank-corrected
reading for each standard vs. its concentration. The protein concentration for each
unknown sample was determined by using the standard curve. A detailed procedure for
BCA protein assay can be obtained from Pierce.
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Results and Discussion
Several methods have been utilized to create surface structures comparable to
the size of proteins, i.e. of the order of a nanometer. Adsorption ofinorganic11 or
polymeric nanoparticles,9 epitaxial growth of germanium 12 and electrochemical
etching 13 are used to introduce nanometer scale roughness on flat substrates. Local
anodic oxidation (LAO) using AFM has been applied to generate defined topography on
titanium. 14 The method employed in the current study involves growing silicon dioxide
(Si02) from organosilane monolayer templates. The reaction of monochlorosilanes with
silicon dioxide (silicon wafer) is a useful route to covalently attached monolayers with a
variety of controllable structures. 15 Using a bulky organosilane, trisTMSCl, we have
prepared complete trisTMS monolayers that have interstitial holes (unreacted silanols)
of cross section of ~0.5nm2
.
16 By manipulating the inherent sluggish reaction kinetics,
the size of the nanoholes on the trisTMS-templated surfaces can be tuned. Si02 was
grown from these nanoholes in a controlled manner using a cycled reaction procedure.
During step A, in which tetrachlorosilane (SiCl4) is introduced at controlled vapor
pressure, SiCLj molecules in the vapor phase hydrolyze to form silanols in the presence
of surface adsorbed water and subsequently condense with surface silanols on the
substrate to form siloxane bonds. During step B, in which air is introduced (the system
had been evacuated and the valve connected to the SiCl4 reservoir closed between A and
B cycles), re-adsorption of water on the surface occurs, hydrolyzing residual surface
chlorosilanes. The reaction chamber is then flushed with nitrogen and evacuated (-20
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mtorr) before the next A-B sequence. This allows for continuous Si02 growth. A 1 min
reaction time was chosen for step A and was used for all experiments described here.
When grown from un-modified silicon wafers, the Si02 film thickness increases
linearly with the increase of the number of cycles, with the measured growth rate of 0.8
nm per A-B cycle, and the film is smooth at the nanometer scale. Tapping-mode AFM
images of surfaces with different trisTMS coverages and varying extent of Si02 growth
show nanoscale Si02 clusters, which evolve with reaction time. During the early
growth stage, Si02 appears like individual spherical deposits uniformly distributed
across the surface. As the number of repeating cycles increases, the surface density and
the size of the spherical caps increase and the space between them is gradually filled up.
Eventually, closely packed 2D aggregation patterns are developed. Water completely
spreads on these surfaces, indicating that they are fully covered by Si02 clusters. Higher
surface trisTMS coverage gives rise to lower density of nucleation sites and, therefore,
slower Si02 growth rate. Individual Si02 clusters grow much larger and taller before
they eventually impinge. In general, the roughest surfaces were obtained from the
templates with the highest trisTMS coverage.
The characteristics of the substrates used for protein adsorption study are
summarized in Table 5.1. Templates with trisTMS coverage of 60%, 81% and 96%
(calculated from the Israelachvili equation 15) were used, and they are abbreviated
TRIS, 81TRIS and %TRIS. The number of growth cycles (N) for these templates was
chosen to give a complete surface coverage by Si02 nanoclusters. Water wets these
surfaces completely. These substrates were submerged in H2S04/H 202/Na2Cr207
mixture in order to remove organic contaminations prior to protein adsorption study.
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The resulting hydrophilic siliea surfaces with varying roughness Si02 are abbreviated as
»TRIS/Si02
,
"TRIS/SiO, and "'TRlS/SiO, The eorresponding AFM height images
(
1
um x
,m) are shown in Figure 5. 1
.
An AFM heigh, image ,0.5 run x 0.5 m) ofa
flat silicon wafer is also included for comparison. Self-assembly of n-
octadecyltrichlorosilane (OTS) on these surfaces renders them hydrophobic. Conditions
were chosen to ensure the formation of uniform OTS monolayers. The examination of
AFM images indicates negligible change in surface topography and R, after the self-
assembly process. These surfaces are abbreviated as 60TRIS/OTS, "TRIS/OTS and
96
TRJS/OTS
5.1. Characteristics of model surfaces utilized for protein adsorption study.
Template 0A/0R (">)» Nb eA/eR (°)< Rq(„m)d AS(%)< eA/0R (°)'
°TRIS
0.1 0 106/94
60
TRIS 68/57 5 spread 2.6 7 112/92
81TRIS 86/71 12 spread 4.3 7 123/89
96
TRIS 102/90 28 spread 10.8 11 124/81
^
water contact angle for the template surfaces. bnumber of SiCl4/water reaction cycles.
c
water contact angle upon completion of Si02 growth.
d
root mean square roughness. c%
surface area increase. fwater contact angle after self-assembly of OTS.
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(d)
Figure 5.1. Topographic AFM images of surfaces used for this study: (a) flat silicon
wafer, (b)
60TRIS with 5 SiCl4/water reaction cycles, (c) 81TRIS with 12 SiCl4/water
reaction cycles, (d)
96TRIS with 28 SiCl4/water repeating cycles.
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Protein Adsorption
In order «o study the effee. of the substratum roughness on protein adsorption, it
is neeessary to design mode! surfaces exhibiting controlled variation of nanoscale
topography but consistent chemical composition. We have discussed the controlled
growth of Si02 from trisTMS-templated silica surface. Surfaces with different
nanometer scale roughness were obtained. These surfaces are good model systems to
study the effect of surface roughness on the adsorption of proteins. In particular, we
study how the surface nanoscale topography affects the adsorbed amount of different
proteins. The proteins examined are listed in Table 5.2. Bovine serum albumin (BSA)
Table 5.2. Proteins used in this study.
protein source Mw(kD)a PIb shape axbxc(nm3)c ref1
Albumin
(BSA)
bovine serum 69 4.8 ellipsoid 14x4x4 17
Lysozyme
(Lyz)
chicken egg 14 11 ellipsoid 4.5x3x3 18
Collagen
(Coll)
calf skin 300 4.5 triple helical 300x1.5 19
molecular weight, isoelectric point, 'approximate molecular dimensions. dsource of
reference
is one of the more abundant blood proteins and its biological functions are transport and
maintenance of colloid osmotic pressure. 17 Lysozyme (Lyz) is an antimicrobial protein
that has a heterogeneous exterior with a hydrophobic patch and an uneven charge
distribution.
18 BSA and Lyz are both model globular proteins. However, they vary in
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size and charge as we,, as conformational stability under the experiment conditions.
Collagen (Col.) consists of three peptide chains that are wound together over most of
their length in the form of a triple helix; it is involved in many important biological
functions such as tissue structuring and cell attachment.» Therefore, our results
represent the behavior of proteins with different structure, composition and biological
functions.
XPS and BCA Analysis
Protein adsorption at the solid-liquid interface was investigated by XPS and a
spectroscopic protein assay using bicinchoninic acid (BCA)20
. XPS is an attractive tool
for the investigation of adsorbed biological materials on solid surfaces, providing
information on chemical composition and bonding in typically the outermost 50 A of a
solid surface. A flat silicon wafer treated with protein-free PBS solution and
subsequently cleaned and dried was subjected to XPS measurement as a control
experiment. Only carbon (from contamination), oxygen and silicon are found on this
surface. After conditioning with the protein solutions, the adsorption was evidenced by
the presence of a Ni s peak at 400 eV, which originated from the amide and amine
groups in the proteins. There is also an increase in carbon content and a decrease in
silicon content. The presence of nanometer scale surface topography combined with the
non-uniformity of the adsorbed protein layers rules out the traditional angle-dependent
method to determine the film thickness, hence the adsorbed amount. 21 Here, XPS N/Si
ratio is used as a qualitative validation of trends seen in the adsorption behavior. BCA
protein assay offers an alternative characterization method that allows the total adsorbed
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amount «o be calculated. In this assay, protein reduces Cu- in an alkaline medium to
produce Cu-, which reacts with BCA (bicinchoninic acid) to form a purple colored
reaction product that exhibits a strong absorbency at 562 nm. The chemical reactions
involved are shown in Scheme 5.1. This allows the spectrophotometry quantitation of
protein in aqueous solutions according to a standard solution of purified bovine serum
protein + Cu+2 QH" u Qu+ i
Cu+1 BCA
OOC
COO
COO
Scheme 5.1. The micro BCA™ protein reaction scheme.
albumin. After the weakly adsorbed protein was removed by protein-free PBS solution,
the irreversibly adsorbed protein was eluted from the surface by sodium dodecylsulfate
(SDS) aqueous solution. It is known that most proteins adsorbed onto solid substrates
are easily desorbed from the surfaces (>90% desorption in less than 1 min) by treatment
with solutions containing SDS at concentrations greater than the critical micelle
concentration.
22 A minimum of six samples for each experimental configuration were
analyzed, and the results reported here were averaged from the raw data. Extra care was
taken to ensure that all the samples were treated equally. The adsorption experiments
198
were performed in a 0.01 M phosphate-buffered saline solution (PBS buffer, pH = 7.4,
ionie strength I
- 0.17M) at 371 Sixty-minute incubation is believed to be long
enough for the adsorption to reach equilibrium.
Table 5.3 summarizes the results from the protein adsorption study on
hydrophilic silica surfaces with different roughness. The eontaet angle measurements
on the protein-conditioned flat silieon wafers indicate that the presence of protein
renders the surface hydrophobic due to exposed hydrophobic moieties on the solid-air
interface. The difference in the contact angle values may suggest that these proteins
adsorb to the flat silicon substrate with different configurations, thus the domains that
are exposed to the air are different. There is a small variation in contact angle values
among surfaces treated with the same protein. This can be simply the result of the
change in surface topography, and it is not an indicator of the increase or decrease in the
adsorbed amount. XPS and BCA protein assay indicate the highest adsorbed amount
for collagen on flat silica surfaces. At physiological pH, a silica surface is negatively
charged and lysozyme is positively charged. The driving force for the adsorption of
lysozyme is mainly electrostatic interaction. H-bonding between the surface silanols
and hydrogen-bonding groups prevalent on the exterior of the protein also contributes to
the adsorption. 23 In the case ofBSA and collagen, at pH 7.4, both of them are
negatively charged. As a result, the driving force for adsorption is likely to be the
entropy gain for the system due to the surface induced conformational changes and
dehydration of the protein and solid surface during adsorption. 24 The charge and
hydrophobicity within each domain of the proteins may be different, and the negatively
charged surface may attract the polar and positively charged portions within the
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proteins. The presence of this strong interaction leads to a higher adsorbed amount for
lysozyme as compared with BSA. The highest adsorption amount for collagen on flat
silica surface is probably due to its much larger molecular size. Figure 5.2 shows the
equilibrium adsorption amount (T, from BCA assay) on silica surfaces with varying
roughness (R
q). BSA adsorption amounts on silica surfaces are relatively low and an
increase in surface roughness results in a slight increase in BSA adsorption. No
conclusive comments can be made at this point. Collagen and lysozyme, with their
completely different molecular structures, seem to respond to the increase in surface
nanoscale roughness in a similar fashion. With the increase of surface roughness, the
adsorbed amount increases accordingly. A roughness increase from 0.1 nm to 10.8 nm,
with the effective surface area increase of 1 1% (Table 5.1), raises the adsorbed amount
by a factor of 2.2 and 2.1 for lysozyme and collagen respectively. Since the chemical
composition of all the substrates examined is identical (silicon oxide), it is highly
possible that the enhancement of protein adsorption is the result of the increase in
surface roughness. If the true surface area is used to calculate the adsorbed amount (r2
= total amount of protein absorbed on the surface divided by 3D surface area), the exact
values change a little, but the general trend remains the same. Therefore, the difference
in the adsorption amount is not just the effect of the increase in surface area. Surface
nanoscale topography plays an important role in protein adsorption, which is a fact that
has been generally neglected. Our results imply that the adsorption sites are different on
flat and rough surfaces. Rougher surfaces provide much more effective adsorption sites.
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Table 5.3. Protein adsorption on hydrophilic Si02 surfaces wi
sample
TRIS/Si02/BSA
60
81
96
TRIS/Si02/BSA
TRIS/Si02/BSA
TRIS/Si02/BSA
49/8
45/10
53/8
55/9
N/Si 1
0.13
0.18
0.25
0.29
th different roughness
r
i (u£/cm2)
c
r2 (ug/cm2)
d
o.io 0.10
0.13 0.12
0-22 0.21
0-25 0.23
°TRIS/Si02/Lyz 34/8 0.21 0.21 0.21
60
TRIS/SiO2/Lyz 28/9 0.37 0.34 0.32
81
TRIS/Si02/Lyz 20/9 0.41 0.51 0.48
96
TRIS/Si02/Lyz 18/9 0.62 0.68 0.61
°TRIS/Si02/Coll 30/10 0.32 0.26 0.26
60
TRIS/SiO2/Coll 30/8 0.44 0.39 0.36
81
TRIS/Si02/Coll 27/8 0.51 0.61 0.57
96
TRIS/Si02/Coll 25/7 0.62 0.81 0.73
water contact angle after adsorption. bXPS atomic ratio, 75° takeoff angle data ctotal
amount of protein adsorbed on the surface divided by 2D surface area. dtotal amount of
protein adsorbed on the surface divided by 3D surface area.
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Figure 5.2. Equilibrium amount of protein adsorbed on Si02 surfaces as a function of
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Figure 5.3. Equilibrium amount of protein adsorbed on OTS surfaces as a function of
substratum roughness: albumin (), lysozyme (•), collagen (O).
202
Self-assembly of OTS on the rough silica surfaces results in hydrophobic
surfaces with similar variation in roughness. The adsorption of proteins on the OTS-
modtfed silica surfaces gives us more information about the roughness effect on protem
adsorption behavior. The results are summarized in Table 5.4. Prior to the self-
assembly of OTS, water spreads on silica surfaces with different roughness.
Modification of rough silica surfaces with OTS leads to changes in water contact angle
that reflect the variation in surface roughness (Table 5.1, last column). After the self-
assembly of OTS, the advancing contact angle increases as the surface roughness
increases, and the receding contact angle vanes to a lesser extent. Upon protein
adsorption, both advancing and receding angles decrease, with a relative increase in the
hysteresis. It is well known that for hydrophobic surfaces, the driving force for the
adsorption is predominately hydrophobic interactions. Therefore, the more hydrophilic
patches of the adsorbed protein are exposed on the solid-air interface, resulting in
decreases in both advancing and receding contact angles. On the other hand, the surface
may not be completely covered by the adsorbed protein molecules. The presence of
residual OTS groups on the surface after adsorption can still be detected by water.
Previous studies have shown that hydrophobic OTS surfaces induce denaturation of the
native globular structures of both BSA and lysozyme, with the larger protein (BSA)
more prone to deformation.25 '26 Both XPS and BCA results indicate that the increase in
roughness on hydrophobic OTS surfaces results in the increase in protein adsorption. A
close examination suggests that the relative percent increase in adsorption differs among
the proteins studied. A roughness change from 0. 1 nm to 10.8 nm results in the increase
of adsorbed amount by a factor of 1 .2, 3.6 and 2.0 for BSA, lysozyme and collagen.
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Table 5.4. Protein adsorption on hydrophobic OTS snrfaces with different roughness
sample eA/eR
a
H (|ug/cm2)c T^/cm2)d
°TRIS/OTS/BSA 71/10 0.47 0.27 0.27
60
TRIS/OTS/BSA 65/9 0.56 0.38 0.36
81
TRIS/OTS/BSA 82/10 0.63 0.45 0.42
96
TRIS/OTS/BSA 66/11 0.72 0.59 0.53
°TRIS/OTS/Lyz 70/15 0.70 0.23 0.23
60
TRIS/OTS/Lyz 62/8 0.92 0.47 0.44
81
TRIS/OTS/Lyz 50/10 1.05 0.77 0.72
96
TRIS/OTS/Lyz 53/9 1.17 1.05 0.95
°TRIS/OTS/Coll 55/11 0.97 0.41 0.41
60
TRIS/OTS/Coll 55/12 1.06 0.49 0.55
81
TRIS/OTS/Coll 53/11 1.19 0.81 0.76
96
TRIS/OTS/Coll 55/7 1.75 1.25 1.13
a
water contact angle after adsorption. bXPS atomic ratio, 75° takeoff angle data ctotal
amount of protein adsorbed on the surface divided by 2D surface area. dtotal amount of
protein adsorbed on the surface divided by 3D surface area.
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Figure 5.3 shows plots of the equilibria adsorbed amount for eaeh protein
versus surfaee roughness on OTS modified silica substrates. It is elear that different
proteins respond to the change of surfaee nanoseale topography quite differently.
Comparing the relative percent inerease in protein adsorption using N/Si ratios from
XPS gives a rather gradual inerease. As diseussed below, proteins adsorb to
hydrophobic surfaces with thieker layers than on hydrophilic surfaces. The thicker
protein layer may effectively mask the substratum protrusion; therefore, the results
obtained from XPS may under estimate the roughness effect. Figure 5.3 indicates that
on hydrophobic surfaces, lysozyme adsorption is sensitive to the substratum
topographical change, while BSA is less sensitive.
AFM Analysis
Atomic force microscopy (AFM) was undertaken to gain a detailed
understanding of the morphology of the adsorbed layers, and possibly the underlying
mechanism for the increased adsorption with respect to the increases in surface
roughness.
AFM analysis was first attempted on hydrophilic Si02 surfaces with controlled
variation in roughness. It has been shown that BSA adopts a sideways-on orientation on
silica, with some extent of structural deformation, and that the silica surface is not
completely covered by BSA molecules. 24 Our AFM image (Figure 5.4a) of a BSA-
conditioned flat silica surface exhibits a smooth and uniform protein film, with R
q of
0.19 nm. A neutron reflectivity study shows that when the lysozyme concentration is
between 0.03 and 1 .0 fig/mL, sideways-on monolayer or bilayer adsorption occurs at pH
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7. Our AFM image of lysozyme absorbed on silica (Figure 5.4b) shows a flat and
complete layer, with some isolated protrusions, and the roughness analysis gives R
q of
0.14m Relabeling stud.es on the adsorption of collagen to glass showed that the
adsorption is irreversible and little dependent on pH and ionic strength. The adsorbed
amount of 0.1 at PH 4.73 and ionic strength of 0.45 M, and the thick surface
layer led to the conclusion that collagen molecules are like trees or brush bristles rooted
perpendicularly to the surface. 19 However, our ellipsometry measurement gives the
adsorbed layer thickness of about 2 nm, and our AFM image of a collagen-conditioned
silicon wafer (Figure 5.4c) exhibits a dense and uniform pattern of elongated objects,
with surface roughness of around 0.24 nm. It should be pointed out that our
measurements were performed in air, and the drying process may lead to reorganization
or stress build-up within the adsorbed protein layer. It is possible that some of the
collagen molecules adopt end-on conformation in aqueous solution and then reorganize
into the side-on conformation upon drying. Since our drying process was fast (dried
with nitrogen flow within 20 seconds), and our process prevents the contact of the
protein-conditioned sample with air before drying, it is unlikely that the drying process
can lead to such a drastic change of conformation (end-on vs. side-on) for all the
adsorbed molecules. Our results, on the other hand, seem to suggest that sideways-on
adsorption with the rod-like collagen molecular lying flat on the surface is probably the
dominating conformation.
Comparing the surface features of the samples that were used for protein
adsorption, we can see that flat silica presents a featureless substrate to the protein in
solution, while the other three samples all show distinct aggregated protrusions, which
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Figure 5.4. AFM height images of albumin (a), lysozyme (b) and collagen (c) adsorbed
on flat Si02 surfaces. Scan size: 1 um x 1 urn.
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exhibit peaks and valleys at the nanometer seale. The observed increase in roughness in
results from the decrease in the number of individual silica posts and the increase in the
height and diameter of the average posts. The nanoscale surface topography may have
influenced the lateral interaction among the adsorbed protein molecules or the
interaction between the protein molecules and the surface, thus changing the
configuration and bioactivity of proteins. It is also possible that different surface
features such as, edges as opposed to plateaus, exhibit different adsorptivities for
different proteins. Because of the variation of chemical compositions and stereo-
structures among proteins, it is conceivable that proteins behave differently with respect
to the change in surface topography. Lysozyme is resistant to denaturing on hydrophilic
surfaces like silica, and the bulk concentration of lysozyme solution used for the
adsorption study falls into the concentration range where bilayer adsorption is
• 23
possible. We speculate that individual lysozyme molecules may rearrange itself on the
surface during the initial adsorption stage to accommodate more incoming molecules.
Although AFM analysis shows the same increase in surface area (7%) for the
ouTRIS/Si02 and the 81TRIS/Si02 surfaces, the size and height of the corresponding
surface features are different. As we have mentioned above, the increase in the
adsorbed amount is not solely an effect of the increase in surface area. Bigger features
may lead to a more crowded configuration of the adsorbed layer. As a result, lysozyme
shows increased adsorption on rougher silica surfaces. The adsorption curve for
collagen follows a similar trend as that of lysozyme, however, with its triple helical
structure and much higher molecular weight, the underlying mechanism should be
different. Dufrene et al. studied the effect of substrate roughness on the nanoscale
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organization of adsorbed collagen layers, and then results indicate that the adsorbed
amount only varies slightly (0.33 ~ 0.49
,gW) from substrate to substrate, although
the corresponding surface roughness varies in a similar range as thate studied here. It
should be pointed out that the chemical species on each substrate surface used in their
study was different, although they have fairly close water contact angle values.
Therefore the insensitivity of the adsorbed amount to the change of substrate roughness
is actually a combined result of surface chemistry and topography. In a separate paper,
the authors designed model gold "soft" surfaces by colloidal lithography such that
surface chemistry and topography were separated, and similar results were observed.9
Here, we used "hard" silicon wafers as the substrates and our results are based purely on
the surface topography. It is obvious that with the increase of surface roughness, the
collagen adsorption increases accordingly. This increase in the adsorbed amount may
be attributed to the reconfiguration of the collagen molecules in response to the change
in surface topography. While on flat silica surface, the majority of the protein
molecules adopt flat adsorbed conformations, on the surfaces that exhibit an average
lateral dimension larger than collagen molecular thickness (1 .5 nm), some collagen
molecules may prefer the end-on adsorption configuration. With its long and stiff
molecular structure (300 nm rod-like structure), the height variations of the surface
features larger than collagen molecular thickness tend to prevent the molecule from
lying flat because direct contact between some segments of the molecule and the surface
is hard to achieve. On the other hand, end-on conformation may lead to a total entropy
gain in the system.
Unfortunately, the examination of the protein conditioned rough silica surfaces
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by AFM did not lead to any insight into the organization of the adsorbed protein layer.
The presence of surface features similar to the size of the proteins makes it hard to
detect the protein layer that will otherwise give a much smoother film. The change in
surface roughness after the absorption falls into the range of experimental error due to
the thin adsorbed protein layers.
The AFM image of the flat OTS monolayer surface after its exposure to a BSA
solution shows distinctively different structure from that observed on flat silica surface
(Figure 5.5a vs Figure 5.4a). It is clear that BSA molecules aggregate into tree-like
structures upon adsorption, and the height difference between the adsorbed layer and the
bare substrate is between 5 to 10 nm, with the surface roughness of 2.3 nm.
Considering the molecular dimension of BSA (14x4x4 nm3), and assuming monolayer
adsorption, we can easily conclude that it adsorbs to flat OTS surface with an end-on
conformation, and that the protein is highly denatured. These observations agree well
with the previously reported results.27 Such distinct surface features, with its roughness
comparable to the roughness of the substrates, were not observed on the BSA
8
1
conditioned TRIS/OTS substrate. Detailed inspection of the phase image (Figure
5.6b) indicates that there are some distinguishable features that are not present on the
unconditioned substrate. Different portions of individual posts appear in slightly
different colors. Generally, the phase image gives information about the mechanical
properties of each domain on the surface, with the brighter part corresponding to the
harder domain. Therefore the darker regions represent the absorbed protein layers, and
they exhibit an uneven distribution across the surface, with the edges or the slopes
(rather than the top) of the nanoposts being the preferential sites. In other words,
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Figure 5.5 AFM height images of albumin (a), lysozyme (b) and collagen (c) adsorbed
on flat OTS surfaces. Scan size: 1 j^m x 1 jam.
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proteins can "sense" surface features that are comparable to their size. As mentioned
before, the increase of surface roughness is the combined resu.t of density decrease and
size increase of the nanoclusters. The overai. increase in BSA adsorption suggests that
different aspects of nanoscale features don', contribute to the protein adsorption equally.
The AFM image of a lysozyme-conditioned flat OTS substrate also shows different
surface structures as compared to those on flat silica surface (Figure 5.5b vs Figure
5.4b). Here the protein layer is rougher (R, = 0.5 nm) and there are holes about 10 nm
wide distributed across the surface. The phase image of lysozyme-conditioned
8
1
TRIS/OTS surface (Figure 5.7b) bears similar features as those observed for BSA.
With its smaller molecular dimension and higher resistance to denaturation (compared
with BSA), more adsorption can be achieved on surfaces with the same topographical
features. Site selectivity is also observed in Figure 5.8b. The absorption of collagen on
a flat OTS monolayer gives a much thicker film as indicated by the height range of the
AFM image (Figure 5.5c). There are aggregated dot-like structures (20-30 nm in
diameter) distributed across the surface. The flat adsorption configuration, which
indicates uniform surface coverage, is apparent in the image. This surface feature has
been observed before and the dotlike structure was attributed to the aggregated chain
ends of collagen molecules pointing perpendicular to the surface. 8 Again, on the rough
OTS surface, these unique features disappear due to the presence of surface nanoscale
features (Figure 5.8). The AFM phase image for a collagen-conditioned rough OTS
surface (Figure 5.8c) shows a more uniform distribution of the adsorbed collagen layer,
indicating its non-differentiation of surface features. However, the supermolecular
reorganization may be profoundly affected. Analysis of the AFM images shows that the
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surface roughness decreases from 4.3 nm for 8ITR1S/0TS before adsorption lo 3.7, 3.2.
and 3.2 nm for BSA-, lysozyme- and collagen-conditioned surfaces respectively. These
results suggest that the roughness effect is more distinguished on the hydrophobic
surface than the hydrophilic silica surface.
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Figure 5.6. AFM height (a) and phase images (b) of albumin adsorbed on rough OTS
surfaces. Scan size: 1 um x 1 um.
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Figure 5.7. AFM height (a) and phase images (b) of lysozyme adsorbed on rough OTS
surfaces. Scan size: 1 urn x 1 um.
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Figure 5.8. AFM height (a) and phase images (b) of collagen adsorbed on rough OTS
surfaces. Scan size: 1 urn x 1 um.
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Conclusion
Protein adsorption on substrates with controlled variation of roughness at the
nanometer seale was studied. On hydrophilie rough surfaces, the increase in surface
roughness resulted in an increase in protein adsorption. A similar trend was observed
on hydrophobic surfaces with the same variation of roughness, but the roughness effect
was more obvious. Detailed studies show that the change in the adsorption amount is
purely the effect of surface nanoscale topography, and the responses of different
proteins to the change in substrate roughness were different. Our results suggest the
importance of nanoscale surface topography in the design and fabrication of
biomaterials for implant application. Introducing nanoscale surface topography can lead
to selective enrichment of specific proteins, such as extracellular matrix proteins, which
will subsequently promote cell adhesion.
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APPENDIX
SUPPLEMENTAL DATA
monolayer
thickness (A)
XPS atomic concentration (?xm%f~ contact angle (°)c
Si C 0 water hexadecane
4.04 86.82 9.14 108 30
27 13.93 59.23 26.84 95 18
16.00 51.09 32.92
'refer to Chapter 5 for sample preparation
b
upper rows are 15° takeoff angle data, middle rows are 45° takeoff angle data, and lower
rows are 75° takeoff angle data.
c
uPper rows are advancing contact angle and lower rows are receding contact angle.
Table A.2. XPS data for protein adsorption on an ordered nanoporous PS template. 3 " 1'- 1
takeoff angle atomic concentration (%)
(°)
Si C N O F
15 0 70.61 10.29 17.82 1.29
45 1.19 69.42 9.61 18.65 1.14
75 1.78 65.27 11.24 20.02 1.70
a
the template was generated by neutral brush approach.
protein adsorption was carried out after the removal of the neutral brush layer nderneath
the pores using CF4 RIE.
c
albumin (human, 4.5 mg/ml) was used for protein adsorption.
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^S^^SSX^ adsorption on surfaces wi,hm™
atomic concentration (atm%)
Si C N 0 N/Si
0.13
°TRIS/Si02/BSA 23.67 22.19 3.19 50.96
60
TRIS/SiO2/BSA 22.98 30.90 4.14 41.98 0.18
81
TRIS/Si02 /BSA 20.05 30.12 5.08 44.75 0.25
TRIS/Sl02/BSA
n ~
18.81 38.91 5.41 36.87 0.29
u
TRIS/Si02/Lyz 23.53 26.16 4.84 45.47 0.21
60
TRIS/SiO2/Lyz 18.34 38.96 6.83 35.87 0.37
81
TRIS/Si02/Lyz 18.17 38.67 7.46 35.71 0.41
TRIS/Si02/Lyz 13.98 46.28 8.62 31.12 0.62
u
TRIS/Si02/Coll 18.17 32.06 6.08 43.69 0.33
60
TRIS/SiO2/Coll 17.72 31.74 7.76 42.77 0.44
81
TRIS/Si02/Coll 16.16 32.28 8.27 43.29 0.51
TRIS/Si02/Coll 15.82 32.85 9.80 41.53 0.62
u
TRIS/OTS/BSA 11.00 58.60 5.17 25.23 0.47
60
TRIS/OTS/BSA 10.62 59.70 5.95 23.73 0.56
8l
TRIS/OTS/BSA 9.58 61.04 6.12 23.26 0.63
96TRIS/OTS/BSA 8.96 64.39 6.60 20.05 0.72
u
TRIS/OTS/Lyz 10.04 62.06 6.99 20.91 0.70
60
TRIS/OTS/Lyz 8.02 63.56 7.41 21.01 0.92
8l
TRIS/OTS/Lyz 7.69 62.24 8.04 22.03 1.05
96
TRIS/OTS/Lyz 8.08 64.53 9.46 17.94 1.17
u
TRIS/OTS/Coll 8.75 61.19 8.46 21.59 0.97
60
TRIS/OTS/Coll 8.09 60.35 8.56 23.00 1.06
81
TRIS/OTS/Coll 7.58 63.72 9.04 19.66 1.19
96
TRIS/OTS/Coll 7.22 60.33 12.63 19.81 1.75
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0
Data type
2 range
1.00 jjh
Height
3.000 dm
1.00 mm
Data type Phase
Z range 10.00 de
Figure A.l. AFM height (top) and phase (bottom) images ofBSA adsorbed on 81TRIS
surface. Scan size: 1 |iim x 1 jam.
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Data type
2 range
Phase
50.00 de
1.00 MM
Figure A.2. AFM height (top) and phase (bottom) images for BSA adsorbed on
TRIS/N(4)/PEG surface (
81
TRIS with 4 SiCl4/H20 reaction cycles, and the newly grown
Si02 modified by PEG-silane: CH30(CH2CH20)6.9(CH2)3Si(OCH3)3). Scan size: 1 urn x
1 urn.
Notice the difference in the organization of the adsorbed protein layer (compare Figure
A. 1 and Figure A.2.). The presence of PEG-modified Si02 nanoculsters can affect
protein organization on TRIS template.
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